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ABSTRACT 
"Early Ecosystem Restoration in Hong Kong: A Case Study 
ofthe Tai Tong East Borrow Area" 
Thesis submitted by TSANG, Po-yan 
for the degree of Master of Philosophy 
at the Chinese University ofHong Kong in July, 1997 
The present study investigated the processes and changes pertaining to early 
ecosystem restoration of a granitic borrow area in Hong Kong. Two rehabilitated 
vegetation communities, 1- (R95) and 2-year (R94) old, were chosen for the study of 
growth performance, soil ameliorative effects, nitrogen fluxes, soil respiration and 
foliar nutrient composition. 
Legumes outperformed non-legumes in height, stem basal diameter and crown 
cover. With a capacity to fix atmospheric nitrogen, they contained more N in their 
foliage although the concentrations of P, K, Ca and Mg were reversed. Similarly, 
exotic broadleaves performed better than the natives. The pros and cons of using 
exotic and native species for ecosystem restoration were discussed with respect to 
their nutrient use efficiency, site quality requirement and successional status. 
The granitic soils were strongly acidic, deficient in soil organic matter (SOM), 
total Kjeldahl nitrogen (TKN) and nutrient cations. The rehabilitated vegetation raised 
SOM, mineral N，available P, total exchangeable bases and Ca, but reduced Mg ofthe 
soils. Total N remained unchanged while pH increase lasted for one year. The 
ameliorative effects varied with age of community and were more noticeable in the 
i 
top 5 cm layer than the 5-15 cm layer. After 2 years of restoration, overall soil 
properties remained suboptimal for plant growth and were inferior to a 50-year old 
secondary woodland dominated by Pinus massoniana. The causes of change including 
hydroseeding, nitrogen fixation，fertilizer input, and tree growth characteristics were 
discussed. 
Nitrogen fluxes in the reclaimed soils varied with age of the community and 
seasons. Ammonification predominated over nitrification, so were the availability of 
NH4-N and NO3-N. Nitrogen mineralization was more active in R94 than in R95 due 
to higher SOM content, more favourable microclimatic environment and more 
microorganisms in the soil, a point also verified in the soil respiration experiment. 
Immobilization was active throughout the year, mostly alternating with net 
mineralization. Plants preferred NH4-N to NO3-N and cumulative uptake during a 89-
day incubation period was higher in R95 than in R94. The effect of nitrogen fixation, 
乂 biotic cycling and stand development on N uptake was discussed. Leaching was 
higher in R94 than in R95, being most prominent in August and September. 
Mechanisms to conserve N in the restored soils were discussed. 
The differences between slope revegetation and ecosystem restoration in Hong 
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With a population of 6 million and a total land area of 1,060 square 
kilometres, Hong Kong is one of the most densely populated areas in the world. The 
population pressure poses a demand for infrastructure development such as new 
towns, highways, public utilities and transport terminals. However, owing to the hilly 
nature of the territory, land scarcity becomes a major obstacle of infrastructure and 
economic development. In order to provide more usable land in the territory, 
reclamation is practised using either land derived fill or marine fill. The use of land 
derived fill leads to the occurrence of borrow areas!如爪 where decomposed granite 
is excavated. It is estimated that about 670 million m^ of fill will be required in the 
1990s, of which land derived fill is expected to account for about 360 million m^ or 
about 55% of the total (Brand & Whiteside 1990)^. There are also refuse dumping 
sites and pulverized fly ash (PFA) landfill sites as a result of population pressure. 
PFA is a by-product produced from the combustion of coal in power generation. 
They are then deposited and compacted to form the PFA landfill which is then 
covered by an overburden of topsoil, mostly granitic materials. Similarly, quarry 
operations are common in the territory since there is a continuous demand for high 
quality aggregates and roadstone by the construction industry (Llewellyn 1992). 
1 Borrow areas in the local context refer to low-lying hills or badlands, mostly underlain with granite, 
from where soil is excavated for use as fill materials in engineering projects. When excavation is 
completed, the borrow area is recontoured and revegetated. 
2Qfthese 360 million m' land derived fill required in the 1990s, over 280 million m^ is used by the 
three major reclamation projects, namely Chek Lap Kok for the New Airport, Tsing Chau Tsai for the 
Lantau Port Peninsula and Black Point for the Castle Peak development. Each of them will be 




These borrow areas, refuse and PFA landfill sites and quarries require immediate 
restoration to enhance their aesthetic and ecological values and to retum them to a 
stable condition consistent in character with the surrounding countryside (Llewellyn 
1992). Indeed, as of 1996 there are 13 refuse tipping sites in the territory, which 
require immediate restoration and landscaping works (Ming Pao Daily 25-3-96)^. 
In Hong Kong restoration works are undertaken either by the private sector or 
by the Government. The China Light and Power Company Limited is a private 
company responsible for the restoration of the PFA landfill site at Shiu Leng Shui, 
Castle Peak. On the other hand, the restoration of quarries (e.g. Mount Butler and 
Shek 0), borrow area (e.g. Tai Tong) and refuse dumping site (e.g. Junk Bay) are 
contracted out by the different Government departments. A Master Landscape Plan is 
required by law for each site to be restored, which includes soil specifications, species 
mixture, planting methods, management strategies and the like. The restored quarries 
and borrow areas will then be returned to the Agricultural and Fisheries Department 
(AFD) for subsequent management for a period of 10 years while the established 
refuse dumping sites will be returned to the Environmental Protection Department 
(EPD). A main responsibility of the AFD is to oversee the management and 
conservation of our countryside. 
The technical aspect of land restoration in Hong Kong is stereotyped. The 
very first step of restoration starts with the formation of _slopes, followed by 
^droseeding and tree planting (Llewellyn 1992). Where slope stability is of primary 
^Information obtained from government documents. 
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concern, trees are excluded on the hydroseeded slopes. In the extreme case, rigid 
, . / , ^...,^T>^K^. — '^ —-^ ~- -- ^  •• - ---^ -- "'i • •""-•'*"*• ^ P^^  參 
structures including chunam, shotcrete and masonry are preferred to vegetation (GCO 
1991). 
\ Species selection is one very important aspect of restoration. Slopes are 
hydroseeded with a combination of exotic grass species including Cynodon dactylon, 
Paspalum notatum and Lolium perenne. For tree planting on the grassy slopes, exotic 
species such as Acacia confusa, Acacia mangium, Acacia auriculiformis, Melaleuca 
quinquenervia and Casuarina equisetifolia were used in the past. Recently, more 
native species such as Rhaphiolepis indica, Castanopsis fissa, Liquidambar 
formosana, Sapium discolor, Cinnamomum hurmanii, Tutcheria spectabilis and 
Machilus species are planted due to pressures from the green groups.( 
People in Hong Kong had been apathetic towards landscape restoration until 
there is a growing awareness of the critical shortage of usable land and of the need to 
protect the environment since the early 1990s. 
1.2 Conceptual framework 
Landscape restoration is a rapidly developing discipline which captures the 
attention of many ecologists. It is more than an aesthetic improvement of a derelict 
landscape. The prime concem is to arrest degradation and restore the derelict 
landscape by adding diversity, species composition and ecosystem functions to it 
^Formerly Melaleuca leucadendron but renamed as Melaleuca quinquenervia by the Agriculture and 
Fisheries Department ofHong Kong in 1994. 
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(Bradshaw 1993). Derelict landscape refers to a landscape that is severely damaged 
by industrial development or other development that is not capable of beneficial use 
without treatment (Goodman & Bray 1975). It is characterized by the absence of 
vegetation cover, poor physical, chemical and biological properties of the soil 
component, and in some extreme cases, high levels of toxicity, as in some mining 
sites (Bradshaw et al. 1978, Bradshaw & Chadwick 1980) and pulverised fuel ash 
reclamation sites (Bradshaw & Chadwick 1980, Bradshaw 1983). All these factors 
are not favourable to the survival and growth of vegetation. It is true that these 
degraded systems can gradually recover even there are no treatments. The natural 
processes of soil forming should gradually be able to build up a soil of satisfactory 
structure and nutrient content. However, natural colonization is too slow and certain 
sorts of derelict land have particular problems which time and nature will not heal 
(Bradshaw & Chadwick 1980). Furthermore, colonization of raw soils may take place 
unevenly and at a rate too slow to be acceptable when a full landscape reclamation is 
required by the authorities (Schmidt & Briibach 1993). 
Ecosystem restoration is more than greening the disturbed site; its ultimate 
aim is to restore the disturbed ecosystem to its original form before degradation in 
terms of structure and functions. This is synonymous to the adoption of measures to 
accelerate ecosystem development. To fulfill these aims is not an easy task. It 
requires a complete and thorough understanding of the basic concepts and principles 
•i 
of various ecosystems. One has to find out what is exactly wrong and how to repair it 
(Jordan III etal. 1993). 
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Generally speaking, there are three levels of land disturbances in the context of 
restoration, namely vegetation disturbance, soil disturbance and soil destruction (Aber 
1993). The disturbances range from removal of vegetation, the least severe, to the 
complete removal of soils and vegetation component, the most severe case. Each level 
has its own specific set of problems and requires different restoration measures to deal 
with. Example of the least severe case is represented by the reestablishment of 
prairies on relatively undisturbed pastures (Ross et al. 1982, Montagnini & Sancho 
1990, Fisher 1995) while that of the most severe case by the restoration of vegetation 
on mines or seriously eroded sites (Roberts et al. 1988a, Yu 1990, Dragovich & 
Patterson 1995). No matter what the level of disturbance is of a particular derelict 
site, restoration involves different stages. They are namely first, the identification of 
the nature and extent of disturbance created on the site, then the formation of slopes, 
followed by hydroseeding and tree planting. 
Though there are numerous studies on soils and vegetation development on 
degraded sites, most of them focus on the part of tree planting. The objectives of these 
studies are to investigate the ameliorative effects of the restored vegetation on the 
soils after 20-55 years of growth (Alban 1982, Alriksson & Olsson 1995, Raulund-
Rasmusen & Verje 1995). These studies ascertained the ability of trees in 
ameliorating the degraded soils, such as chemically, increasing the organic carbon, 
total nitrogen and cation exchange capacity of the soils and physically, decreasing the 
bulk density. However, there are relatively few studies on the process of early 
ecosystem restoration, viz. establishment of hydroseeded grasses and tree saplings, 
especially on sites suffering from soil destruction. 
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In Hong Kong, the ameliorative effects of 4- to 5-year old Acacia plantations 
on eroded granitic soils were studied by Fung (1995). It is probably the only relevant 
study of early restoration in the territory. However, many questions about early 
ecosystem restoration remain unanswered, including the use of native species. 
Study on early ecosystem restoration is worthwhile since success of the 
restoration programme hinges on early measures or processes. From a management 
point of view, most of the measures that can be controlled during restoration are at 
the early stage. These include the selection of species, planting matrix, season and 
method, rates and timing of fertilizer application and so on. When the seedlings start 
to establish on the sites, the success of a rehabilitated community is then left for the 
determination by forces in nature. Hence, the early rehabilitated community provides 
a basis for the establishment of tree species at later successional stage. Harris and 
Hill (1995) also pointed out that the rate of recovery of the newly established 
community will largely depend upon the quality of restoration. 
In Hong Kong, restoration processe^J^Y9lv?—first，jilope surface treatment. In 
X]^  formation of a fill slope, the derelict site is overburdened with a mixture of 
decomposed granite (DG) of about 300 to 500 mm and an organic soil conditioner 
(Llewellyn 1992). However, this overburden is not always uniform in depth. In the 
case of a cut slope, the topsoil is either removed or disturbed leading to exposure of 
the less fertile semi-weathered soil horizons, which will then be scarified by a 
b^ckhole before hydroseeding. While the slope surface treatments are different, will 
there be any differences in the survival and growth of the hydroseeded grasses? Do 
6 
these slopes provide a suitable seedbed environment for seeds to germinate? 
Moreover, decomposed granite in the local situation is ill-defined and can mean any 
topsoil materials derived from different parent rocks. What are their inherent 
physical, chemical and biological characteristics? Are they suitable for the 
establishment of vegetation during early ecosystem restoration? 
Slope surface treatment is then followed by hydroseeding. What are the grass 
species most suitable for slope revegetation in Hong Kong? What is the nutritional 
requirement for early grass growth? While the recipe of seed mixture differs between 
summer and winter^, can they germinate and establish under different surface 
conditions? Will they differ in the capacity of biomass production? What are the 
ecological benefits brought by the hydroseeded grasses? Will hydroseeding improve 
the survival rate of trees planted later and if so, how and to what extent? Sometimes, 
the grasses do not grow well on the site. What are the reasons, physiological, 
nutritional or environmental? What remedial measures should be adopted to improve 
the growth of hydroseeded grasses? 
The establishment of hydroseeded grasses and tree saplings during early 
restoration is constrained by edaphic, ecological and environmental factors. 
Specifically, these include greater vertical and horizontal variability in the soil 
columns, a modified soil structure which is often compact, restricted aeration and 
water drainage, interrupted nutrient cycling, and a modified soil organism population 
5 In summer the warm season bermudagrass {Cynodon dactylon) is used whereas in winter the cool 
season grass perennial ryegrass {Lolium perenne) is preferred. 
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and activity (Goodman & Bray 1975，Bradshaw & Chadwick 1980，Moffat & 
Buckley 1995). 
Thin and compact soils is an acute problem in early restoration work. This 
will hinder root penetration of the newly planted species and promote waterlogging, 
anaerobiosis and desiccation, ultimately affecting the survival and growth of 
vegetation on the site (Harris & Hill 1995). The soils of a typical borrow area in 
• 
Hong Kong are compact and shallow. It is a red-yellow podzolic soil of the order 
Ultisol (Grant 1986), derived from weathered granitic materials. Overseas studies 
found that weathered granitic materials resemble a coarse textured soil which is 
porous and has a good drainage (Jones & Graham 1993, Johnson-Maynard et al. 
1994). Do the decomposed granitic materials in Hong Kong exhibit similar 
properties? If this is the case, will vegetation establishment be affected more by soil 
fertility than by soil structure? An analysis of local hill soils suggested that it is the 
physical factors in the soils that limit the growth of trees (Grant 1962). 
Furthermore, since decomposed granitic materials are used as topsoil in slope 
formation, can they sustain plant growth without amendment, as is the case in Hong 
Kong? Alternatively, what amendments are needed to improve the nutrient-
supplying capacity of these soils? 
Another problem encountered in early restoration is moisture supply in the 
disturbed soil. Soil moisture is a balance between soil water storage properties, 
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precipitation, atmospheric and vegetative demand for water. Moisture extremes are 
much larger in the early stages of ecosystem development than under juvenile and 
mature systems, where exchange of energy is distributed over a larger canopy volume 
(Spittlehouse & Childs 1990). Soil moisture supply is most critical during the first 
few months after planting, by influencing the survival and growth of seedlings and 
during the first few seasons when seedlings are becoming established (Spittlehouse & 
Childs 1990). In the absence of yegetation, lpcal granitic soils had low available water 
content for vegetation growth (Fung 1995). Will the water retention capacity of soils 
change as the vegetation starts to grow and establish on the degraded sites? As a 
disturbed site is usually compacted, water will not be able to infiltrate into the soil for 
plant uptake. Moreover, during early ecosystem development there is little 
accumulation of soil organic matter, which has a great affinity for water. Are there 
any measures that can improve the water-holding capacity of soils during early 
restoration? Alternatively, how do the newly planted species cope with water 
deficiency in the disturbed soil? 
Nutrient deficiency is another acute problem encountered in early restoration 
work, particularly N and P which are known to be the two most critical factors 
governing plant growth (Bradshaw 1993，Harris & Hill 1995). Decomposed granite is 
a subsurface material which is inherently low in N and P supply (Fung 1995). How 
can vegetation establish in such a nutrient deficient environment? Will the critical 
levels of these nutrients vary with species and the planting mix? Furthermore, N is 
the only nutrient that changes significantly with ecosystem development and that can 
be shown to be continually limiting (Bradshaw 1993). If there is further application 
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of N fertilizers after the reclamation of derelict land, growth recommences, but will 
stop again if further N is not given (Bloomfield et al. 1982). Besides, acidity reduces 
the availability of P in soil. Is decomposed granite strongly acidic? Is P equally 
deficient in this soil? Since soil pH will change during development of an ecosystem 
(Alriksson & Olsson 1995, Fisher 1995)，will there be any corresponding changes in 
the availability ofP? 
Nitrogen and phosphorus are derived from precipitation, weathering and 
decomposition of litter and roots (Bradshaw 1983). Nitrogen can also be supplied 
through biological fixation. Owing to a limited supply of litterfall for decomposition 
and an incomplete restoration of the soil microbial flora and fauna at the early stage of 
restoration, the mechanism of nutrient cycling is neither fully developed nor fully 
understood. How much litter materials are returned to the soil from grass and early 
tree seedling growth? Are N and P limiting factors to plant growth when litter retum 
is limited or erratic? The biophysical environment of a newly restored system is 
harsh. Will mineralization rate be adversely affected by temperature and rainfall and 
if so, will supply of soil mineral N and P vary with seasons? There are virtually no 
information on organic matter build-up and nutrient mineralization during early 
restoration in the literature. 
Furthermore, the role of soil microorganisms during early ecosystem 
restoration should not be overlooked. Harris and Hill (1995) pointed out that plant 
growth during the first one to two years is limited by the rate of nutrient cycling. 




ameliorated significantly. A vegetation cover is critical for the recovery of microbial 
activity (Stroo & Jencks 1982). Compacted soil slows down the accumulation o f N 
and organic matter, thus lowering the microbial activity. How are microbial activities 
related to soil N and organic matter turnover in a subtropical environment like Hong 
Kong? Will microbial biomass and respiration change with ecosystem development? 
How are microbial activities related to other soil properties such as pH, clay content, 
moisture and so on? The microbial biomass C/soil organic C ratio had been used 
with success in assessing and monitoring the progress of restoration (Insam & 
Domsch 1988, Bentham et aL 1992, Harris & Hill 1995). This implies that the 
microbial component in the soils significantly changes during restoration. Moreover, 
the succession of soil microbial communities in a man-made ecosystem works on the 
same basis as that of natural environment (Curry & Good 1992). A higher microbial 
diversity means a more stable ecosystem. The functions of the microorganisms are to 
decompose the litter, thereby increase the aeration and infiltration of the soils and thus 
improving the soil structure. However, this information is lacking in local restoration 
works. 
The problems and constraints associated with early restoration works can be 
partly alleviated by choosing species that suit a particular disturbed environment. For 
example, toxic-tolerant plants can be used on mines while drought-resistant plants can 
be grown on sites where water is stressful. Nitrogen-fixers are usually included in the 
planting mix since the role of symbiotic nitrogen fixation by both legumes and 
nodulated non-legumes in ameliorating soil conditions in early stages of restoration is 
well-known (Parkinson 1978). 
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Thus, the choice of species is an essential component of restoration works. 
During the early development of an even-aged stand, there is a distinct species effect 
whereas later nutrient uptake becomes a function of growth rates irrespective of 
species (Miller 1995). Consequently, nutritional problems are most likely to occur in 
the early years when the green crown is being constructed. This confirms the 
importance of nutrient supply in early stand development because even the most 
tolerant species will not grow if there is not adequate supply of nutrients for them 
(Bradshaw 1983, Ingestad & Agren 1995). 
With respect to species selection, there is a debate between the use of native 
and exotic species. Overseas studies found that native species produced significant 
ameliorative effects on degraded soils (Montagnini & Sancho 1990 & 1994, Fisher 
1995). In Hong Kong, the use of exotic species is preferred to native species since the 
1950s, which is consistent with the forestry policy of AFD. Although more native 
species are used in the 1990s, the total number of individuals planted is still smaller 
than exotic species as exemplified by the planting record of Tai Tong East Borrow 
Area. In 1994, 44% of the species planted are native but the total number of 
individuals amounted to 25% only. In 1995, the number of native species planted 
increased to 67% while the individuals represented only 39% of the total 
(Unpublished planting records from TDD 1995). Are we using too few native species 
in landscape restoration compared to overseas experience? What are the reasons 
behind? Will the survival rate and growth performance differ between exotic and 
native species? Likewisely, do they differ in the requirement of soil nutrients? 
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Since the 1980s，more legumes are used in slope revegetation such as Acacia 
confusa, Acacia man^ium and Acacia auriculiformis, though they are exotics. What 
are the ecological benefits of these legumes on the newly restored community? Do 
they adapt to soils deficient in nitrogen and phosphorus? The degraded sites suffer 
from heavy runoff, excessive solar radiation and wind action. Coupled with a shallow 
and infertile soil, the growth of acacias will be impaired. To what extent will these 
environmental factors and their fluctuations affect the nitrogenase activity of the 
legumes? What management strategy is needed to optimize their nitrogen fixing 
capacity? 
Moreover, broad-leaved species are preferred to conifers in restoration works. 
. Is it a rule of the thumb, or alternatively, are there exceptions in Hong Kong? The 
most important question is: what are the species most suitable for ecosystem 
restoration? 
There is also a debate between rote copying and imitation in ecosystem 
restoration (Jordan III et al. 1993). Rote copying is the plantation of the same species 
found in the vicinity of the derelict site, reproducing systems item for item. Imitation 
is the creation of systems that are not identical but that are similar in critical ways and 
that therefore act the same. For example, knowing that nitrogen is a limiting factor to 
plant growth, there is deliberate introduction of legumes in the planting matrix. This 
helps to speed up the accumulation of nitrogen in the soils for uptake by late 
successional species. This is one of the mechanisms used in restoration ecology to 
accelerate ecosystem development. 
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The assemblage of species in local restoration, as indicated in many of the 
Master Landscape Plans, clearly reflects a bias towards imitation, a phenomenon 
similar to overseas experience. Is imitation the best approach to reinstate a disturbed 
site? What are the factors marring rote copying? 
The essence of restoration is to restore ecosystem structure and functions. The 
former is quantified in terms of species diversity and complexity while the latter in 
terms of biomass and nutrient cycling strategies (Bradshaw 1993). What are the best 
strategies to achieve these objectives? Will the success of one objective automatically 
resolve the other? Is it true that a well orchestrated restoration plan is half the way 
done? 
A well-defined objective is essential in realizing the objectives mentioned 
above. Overseas restoration works usually have a well-defined objective, typical 
examples being the establishment of a prairie community or a woodland community 
(Jordan III et al. 1993). Is the objec^^of restoration in Hong Kong clearly defined 
by the authorities? h ^pears greening is an end itself rather than a means to an end. 
Thisresults in rehabilitated communities that are neither productive nor sustainable in 
the territory. Do the authorities have the expertise in handling restoration works 
including refinement of restoration goals and devising viable management strategies? 
Is post-planting care geared towards the needs of different species? What beating up 
measures are required if there are signs of failure during early restoration? 
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Many of the questions raised above will form the conceptual framework of the 
present study, which focuses on early ecosystem restoration (Figure 1.1). Early 
ecosystem restoration is defined in the thesis as rehabilitation works carried out on 
derelict landscapes for a period of less than 3 years. It involves hydroseeding of the 
recontoured surface, tree planting and establishment of the vegetation. Incidentally, 
the period covers planting and post-planting maintenance of the vegetation by the 
landscape contractor before the rehabilitated site is handed back to the appropriate 
authority for routine maintenance. While there is virtually no information on early 
ecosystem rehabilitation in Hong Kong, the present study covers plant growth, soil 
nutrient status, nitrogen fluxes and microbial respiration in the rehabilitated 
community. 
1.3 Objectives 
Recognizing the gap of information in this field, the present study investigates 
what is happening during the early restoration of a borrow area in Hong Kong. The 
borrow area represents a soil destruction site where the profile is lost in excavation. It 
is underlain by granite which covers one third of the land area in the territory. Unlike 
coal mine sites plagued with toxicity problem (Bradshaw & Chadwick 1980), the 
borrow area suffers from high acidity, insufficient moisture supply and nutrient 
deficiency problems. Because the prime concern of borrow area restoration is to 
establish structural stability and nutrient cycling strategies, the specific objectives of 










































































































































































































































































1. to examine the properties of granitic soils awaiting restoration; 
2. to investigate the ameliorative effects of new plantations on soils; 
3. to investigate the seasonal dynamics o fN mineralization in the rehabilitated 
communities; 
4. to investigate the soil biological activities (CO2 evolution) of newly rehabilitated 
communities; and 
5. to investigate the growth performance and foliar composition of newly restored 
vegetation (natives versus exotics, legumes versus non-legumes, conifers versus 
broadleaves). 
Ideally, a zero-time approach is most suitable for the study of soil ameliorative 
effects by vegetation because it eliminates variability arising from site difference 
(Fisher 1995). Owing to the constraint of time, however, a retrospective approach is 
adopted for the present study. Two sites separately planted in 1994 and 1995 in the 
Tai Tong East Borrow Area are chosen to represent the newly rehabilitated 
communities. 
1.4 SigniHcance and scope of study 
Restoration ecology has today become a frontier research field (Jordan III et 
al. 1993), yet little is known in Hong Kong. The present study aims at bridging the 
gap of information with respect to early growth of the vegetated species in relation to 
soil properties and to their changes with time. The research will throw light on some 
unanswered questions related to early ecosystem restoration including species 
selectibn and assemblage, planting matrix, soil amelioration, nutrient fluxes and soil 
« 
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respiration. This will broaden our understanding of the restoration of ecosystem 
structure and functions in this part of the world. However, it is impossible to 
differentiate in the study whether the changes in soil properties, if any, are due to 
hydroseeding, restored plantations or fertilizers. Nonetheless, as long as they are 
integral components of every restoration project, they are not treated as separate 
entities in the thesis. 
Because no two sites are identical, several assumptions are made with respect 
to the retrospective approach. First, while the two sites were destroyed to the same 
level during excavation, they received the same treatments in land formation, planting 
and post-planting maintenance. Second, all the tree saplings were healthy and 
identical in height (0.5 m as detailed in the tender specifications) when they were pit-
planted on the site. 
1.5 Organization of the thesis 
The thesis consists of seven chapters. The first is an introductory chapter 
which highlights the importance and problems of ecosystem restoration, and outlines 
the conceptual framework of the study. Chapter 2 is a description of the study area, 
complete with procedures of restoration adopted in Tai Tong. Vegetation of the 
rehabilitated communities is described in great details. Chapter 3 examines inherent 
properties of the disturbed granitic soils and ameliorative effects of the restored 
community on soils. Chapter 4 investigates nitrogen processes in the restored sites 
including mineralization, uptake and leaching. The effect of climate, management 
inputs and age of the restored community on these processes will be discussed. 
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Chapter 5 reports on soil respiration derived from laboratory incubation, and discusses 
the succession of soil biological activities. Growth performance and foliar nutrient 
composition of the rehabilitated species are reported in Chapter 6, highlighting the 
differences between legumes and non-legumes, exotic and native species, as well as 
broadleaves and conifers. Chapter 7 is the concluding chapter summarizing findings 





Tai Tong East Borrow Area (TTEBA) is located in Yuen Long, in the westem 
New Territories. In 1990，Tai Tong was designated as a borrow area from where 
landfill materials were excavated for use in the Tin Shui Wai New Town and the Yuen 
Long Bypass Highway. Four sites in and at close proximity to the TTEBA were 
chosen for the present study, including two each the restored and control sites (Figure 
2.1). The two rehabilitated sites, located inside the TTEBA were separately planted in 
1994 (hereafter referred to as R94) and 1995 (hereafter referred to as R95). They 
represent the young developing ecosystems. The control sites included a barren hill 
(hereafter referred to as BS) and a secondary woodland dominated by Pinus 
massoniana (hereafter referred to as PW) (Plates la - ld). The barren site is also 
located inside the TTEBA, at close proximity to the rehabilitated sites. About 8 m of 
topsoil had been removed from the bare slope, which awaits recontouring and 
restoration. As a severely destructed site, it represents the stage of development before 
R94 and R95 were planted. Regenerated after World War II，the woodland represents 
remnants of Pinus massoniana in the neighbourhood that is not affected by excavation 
activities. In a nutshell, the four study sites represent a chronosequence of vegetation 
in Tai Tong, viz. bare site (BS) — 1-year old plantation (R95) ~> 2-year old 
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Plate 1 (a) Badland dissected by gullies in Tai Plate 1 (b) Background - badland; Centre -
Tong. Pinus massoniana community engineered slope after 
dominant in valleys. hydroseeding; Foreground - tree 
planting on hydroseeded slope. 
• H 
Plate 1 (c) 1-year old rehabilitated slope (R95). Plate 1 (d) 2-year old rehabilitated slope (R94). 
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The characteristics of the four sites are summarized in Table 2.1. They are 
largely similar in aspect, slope gradient, geology and soil type. However, they vary 
slightly in elevation which decreases in the order ofR95 > PW > R94 > BS. 
Table 2.1 Characteristics of the four study sites. 
Site Description Location Aspect Slope Elevation Geology Soil 
(grid ref.) (azimuth) gradient (m) type 
~ ^ Barren land JK952816 2 ^ NA !o Granite I V P ~ 
R94 Planted in 1994 JK952812 240° 21-23° 80 Granite RYP 
R95 Planted in 1995 JK955813 280° 17-19° 180 Granite RYP 
PW SecondaryPz>2M5 JK953811 250° 18-21° 120 Granite RYP 
woodland 
RYP: Red-yellow podzol. 
NA: Not applicable because the site to be recontoured soon. 
2.2 Climate 
The climate in Hong Kong is shaped by the monsoons (Ramage 1971, Tung 
1990). In general, four distinct seasons of unequal duration could be found in the 
local environment (Chin 1986). Spring is characterized with damp and misty weather 
between March and the end of April. It is then followed by a long hot-wet summer 
from May to September. A short autumn of clear and dry weather is confined to 
between October and mid-November whereas the long cool-dry winter lasts from 
December to February. 
In 1996, the mean annual rainfall of Hong Kong was 2249.1 mm and the mean 
annual temperature was 23.3°C (Royal Observatory 1996). The rain gauge nearest to 
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the borrow area is located in the Tai Lam Country Park Management Centre and 
owing to locational difference, a lower annual rainfall of 1837.7 mm was recorded in 
1996，when field work was conducted. However, the mean monthly temperature in 
the borrow area was not known. Nonetheless, February was the coldest month 
(14.9°C) and July was the hottest month (29.2�C) in Hong Kong. 
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Figure 2.2 Mean monthly temperature and rainfall total for each month in Hong 
Kong, 1996. 
In general, the amount of rainfall recorded in the borrow area was comparable 
to that of the territory except a comparatively lower amount was recorded in August 
and September (Figure 2.2). On the other hand, while peak precipitation occurred in 
September in Hong Kong (604.0 mm), that near the borrow area was detected in June 
(410.1 mm). Rainfall in the borrow area mainly concentrated in the summer months 
ofMay (297.0 mm), June (410.1 mm), July (254.4 mm) and September (378.1 mm). 
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No rainfall was recorded in January and December and only trace amount was 
recorded in November. 
2.3 Geology 
The study sites are located on the northwestern part of Tai Lam Country Park. 
They are all of granitic origin, which is also a common geologic component in other 
parts of the territory. In the past, the area was covered by volcanic rocks of the 
Jurassic Period (Allen & Stephens 1972) but erosion had removed the surface rocks, 
exposing the granites underneath. The granite is pinkish or grey in colour and its 
main components are quartz, potassium feldspar and acid plagioclase feldspar with 
some biotite and occasional hornblende (Peng 1986). Medium to coarse-grained 
granites are found in the study area, ranging from <2mm to 6mm (Thrower 1984). 
They are susceptible to rapid weathering in this subtropical environment, resulting in 
the formation of thick (>60 m) regolith (So 1986) and hence a good source of fill 
materials. 
Gullying in the area is serious. Gullies are formed as a result of partial 
dissection by stream action and deforestation (Ruxton & Berry 1957), leading to the 
removal of surface materials by dehydration, deflation and surface wash (Grant 1962). 
Gullies having a depth greater than 25 m are common in the area, resulting in the 
formation of a badland landscape (Ruxton & Berry 1957). 
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2.4 Soils 
Hong Kong has a monsoon climate, with a well-marked alternation between 
hot-wet summers and cool-dry winters (Thrower 1975). Under such climatic 
conditions, the granite in the local environment is subjected to intense chemical 
weathering by interactive effects of gases (carbon dioxide and oxygen) and water 
(with organic and other acids). Easily weatherable minerals such as biotite and 
plagioclase are weathered to kaolinitic and halloysitic clays while the more resistant 
quartz minerals are mostly left unaltered (Grant 1962). 
A typical weathering profile of granite in Hong Kong consists of 4 zones, each 
with variable proportion of solid rocks (Ruxton & Berry 1957). Zone I is the 
uppermost layer which mainly consists of quartz and kaolin. The clayey sand is 
structureless and constitutes about 30% of the materials found in the zone while the 
proportion of core stones is not significant. The clay content decreases to <5% in 
Zone II and is dominated by sericite and kaolin. The proportion of core stones 
increases correspondingly to almost 50%. Zone III is characterized by a large 
proportion of core stones (50-90%) and very few debris materials. Zone IV consists 
of partially weathered rocks which constitute over 90% in total composition. The 
weathering profile in the Tai Lam area has a depth of 80 m (250 feet), with sand being 
the major component (40%) in Zone I (Ruxton & Berry 1957). During excavation, 
the whole or part of Zone I is removed, including the organic horizon. 
The borrow area is dominated by red-yellow podzolic soil of the order Ultisol, 
derived from weathered granitic materials (Grant 1986). It is acidic in reaction, 
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primarily due to siliceous nature of the parent rock and to severe leaching ofthe bases. 
For instance, the pH of eroded red-yellow podozolic soil 2 km west of the study area 
ranged 4.66-4.74 (Fung 1995). In the same study, total exchangeable acidity 
amounted to 9.03-9.54 me 100 g"^  of which 93% were contributed by A1. Besides, the 
soil contained low levels of organic matter (0.45-0.59%) and nitrogen (0.020-
0.024%). 
y 
After excavation, the borrow area is recontoured to blend in the surrounding 
environment. The formed slopes are then overlain with a mixture of in situ 
decomposed granite and organic soil conditioner to a thickness of 300-500 mm 
(Llewellyn 1992). It is then compacted with the use ofbackhole before hydroseeding. 
The addition of organic conditioner serves to improve the water-holding capacity and 
fertilizer efficiency of the soils. 
2.5 Vegetation 
The climax vegetation of Hong Kong is believed to be evergreen broad-leaved 
forest (Daley 1975, Thrower 1975). However, human impact such as cutting and hill 
fires have reduced the original forest to grasslands (Daley 1975). Remnants of the 
climax forests are now represented by the fung shm woods which scatter all over the 
territory. 
1 Fung Shui groves are forests of indigenous species. They were planted to protect and enhance the 
aesthetic value of villages in the past. 
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Deforestation started as early as 1870s as a result of fuelwood cutting. Pinus 
massoniana, a native South China pine, had been a popular reforestation species 
because it grew extremely well on acid infertile slopes. Since the mid-1960s，massive 
die-back of the pine occurred as a result of nematode attack (Winney 1980). It was 
gradually replaced by exotic broadleaves of Lophostemon confertus^, Melaleuca 
quinquenervia, Eucalyptus robusta, Eucalyptus citriodora, Eucalyptus tereticornis 
and Acacia confusa (Daley 1975). Exotic legumes of Acacia auriculiformis and 
Acacia mangium were added to the planting list since the mid-1980s. 
The vegetation in Tai Tong underwent a similar development history. It 
suffered from heavy cutting during World War II, after which Pinus massoniana, 
Melaleuca quinquenervia, Lophostemon confertus and eucalypts were extensively 
planted to protect the badland slopes and to conserve water resources. In the river 
valley where the biophysical environment is less harsh, scattered native trees of 
Sapium discolor and Schefflera octophylla can be found. The exposed slopes are 
dominated by Pinus massoniana, undergrowths of which include Mallotus paniculata, 
Sterculia lanceolata, Sapium discolor, Ilex puhescens, Melastoma sanguineum, M. 
dodecandrum, Lycopodium cerenuum, Dicranopteris linearis, Baeckea frutescens, 
Clerodendrum fortunatum, Rhodomyrtus tomentosa, Rubus species, Smilax china and 
S. glabra etc. Because fire occurs frequently in Tai Tong, the secondary woodland is 
reduced to a species-poor community as in other parts of Hong Kong (Fung 1995). 
Coupled with severe erosion, the badland landscape is indeed an eyesore to the public. 
2 Formerly Tristania conferta but renamed as Lophostemon confertus by the Agriculture and Fisheries 
Department of Hong Kong in 1994. 
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2.6 Restoration and floristic composition of the rehabilitated communities \ / 
To kill two birds with one stone, Tai Tong was designated as a borrow area in 
1990. Upon completion of the excavation, the borrow areas are restored with 
vegetation. Two processes are involved, namely hydroseeding of grasses and pit 
planting of tree saplings. In spring of 1994 and 1995, the recontoured sites were 
separately hydroseeded with a mixture of Cynodon dactylon (common bermuda), 
Paspalum notatum (bahia grass) and Eragrostis curvula (weeping lovegrass) grasses^. 
The hydroseeded slope was then covered with bennet, a biodegradable fibre to assist 
germination and to minimize slopewash. The bermudagrass germinated 2 weeks after 
hydroseeding and became the dominant grass species in the restored sites. 
Tree planting started in August 1994 (R94) and July 1995 (R95), after 
establishment of the grasses. They were pit planted at 1-m intervals, centre to centre 
and about 50 gm of ICI 22 fertilizer (22:11:22) were added to each sapling at the time 
of planting. It must be noted that planting was left to the ground workers without 
careful planning of species mix and distribution. Consequently, the species planted 
were not uniformly distributed on the site and very often a slope was dominated by a 
single species. Nonetheless, the R94 site was replanted principally with Acacia 
confusa, Acacia mangium, Acacia auriculiformis and Eucalyptus calophylla, which 
accounted for 51.8% of the total saplings (Table 2.2). Native species such as 
Rhaphiolepis indica, Castanopsis fissa, Ficus retusa, Cinnamomum camphora and 
Cinnamomum burmanii were also included in the planting list; however, their 
3 2 
The hydroseeding slurry of this summer recipe consists of Cynodon dactylon (15 g m' )，Paspalum 
notatum (10 g m"^), Eragrostis curvula (0.5 g m"^), mulch fibre (200 g m'^), inorganic fertilizer 
(13:13:21, 100 g m-2)，soil solidifying agent (50 g m'^) and the dye malachite green (0.2 g m '^ . 
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proportion was relatively small compared to the exotics. The R95 site was seemingly 
dominated by Acacia confusa and Acacia mangium, although the percent of Acacia 
auriculiformis was greatly reduced (Table 2.2). There were more native species 
compared to the R94 site, additional ones being Sapium discolor, Ardisia crenta, 
Gordonia axillaris, Litsea monopetala and Liquidambar formosana. Again, species 
distribution was not uniform across the site. Despite this, the restored community 
looks aesthetically more pleasant than the eroded gullies. 
Table 2.2 Species planted in Tai Tong East Borrow Area in 1994 and 1995. 
Year planted Species % total 
1994 Acacia auriculiformis 14.4 
A. confusa 13.4 
A. mangium 12.9 
Eucalyptus calophylla 11.1 
E. torelliana 8.5 
Cinnamomum burmanni 8.2 
Ficus retusa 8.2 
Casuarina equisetifolia 5.2 
Other broadleaves 18.1 
1995 Acacia confusa 17.3 
A. mangium 15.8 
Sapium discolor 7.1 
E. camaldulensis 6.3 
E. calophylla 4.7 
Other eucalyptus species 6 • 8 
A. auriculiformis 4.3 
Casuarina equisetifolia 3.4 
Pinus elliottii 0.9 
Other broadleaves 3 3.4 
Source:Unpublished planting records from the Territory Development Department, TDD (1995). 
Overall 36 species were planted in R95 against 16 in R94 (Table 2.3). At the 
species level, the percentage of exotics in R94 (56%) was higher than in R95 (33%) 
although the reverse was true for absolute number. While the number of native 
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species planted in R95 doubled that of the exotics, the latter accounted for 61.4% of 
the total number of saplings planted. The corresponding value for R94 was 74.6%， 
indicating a dominance of exotic species in the rehabilitated communities at the 
individuals level. There were more non-legumes than legumes, as well as more 
broadleaves than conifers in both sites (Table 2.3). 
Table 2.3 Restoration planting in Tai Tong East Borrow Area. 
1 ^ ~~ 1 ^ 
By species By individuals By species By individuals 
~ N a % total N a % total N a % total N a % total 
Exotics 9 56~~214,711 7^ U 33 155,468 6 u T 
Natives 7 44 73,089 25.4 24 67 97,352 38.6 
Legumes 4 ^ ~ ~ 1 3 2 , 1 3 0 4 5 ^ 4 U 103,094 407T 
Non-legumes 12 75 155,670 54.1 32 89 149,906 59.3 
Broadleaves I s ^ ~ ~ 2 7 2 , 7 6 0 9 ^ 34 ^ 242,194 957T 
Conifers 1 6 15,040 5.2 2 6 10,806 4.3 
Total l6 f ^ ~ ~ 2 8 7 , 8 0 0 1^5 36 ] ^ ~ ~ 2 5 3 , 0 0 0 IW 
Source: Unpublished planting records from TDD (1995). 
2.7 Post-planting maintenance of the rehabilitated communities 
Maintenance of rehabilitated communities is rather stereotyped in Hong Kong. 
After planting, the trees were fertilized twice more with Nitrophoska (12:12:17:2), at 
50 g granules per tree. It is a quick release inorganic fertilizer, the nitrogen of which 
is made up of 60% NH4-N and 40% NO3-N (Manufacturer's technical note). The 
fertilizer was applied to two pits dug opposite each other below the drip line of a tree. 
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In R95, only one application was made in May 1996 (Table 2.4). Understorey grasses 
including invaded species were trimmed once in May 1996 for the two sites. At the 
same time，the trees in R94 were pruned to improve growth quality. 
Table 2.4 Post-planting maintenance. 
R94 R95 
Fertilizer 1st application Aug., 94 July, 95 
application (during planting) 
2nd application Feb., 95 一 May, 96 
3rd application May, 96 
Grass cutting (weeding) May, 96 一 May, 96 
‘ Pruning May, 96 — IIIII 
Application of soil additive July, 95 
(during planting) 
Source: Unpublished records from TDD (1996). 
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CHAPTER3 
RESTORATION OF SOIL CHEMICAL PROPERTIES 
3.1 Introduction 
Natural (e.g. hurricanes, landslides) and human (e.g. deforestation, agriculture, 
grazing activities, mining activities) disturbances lead to deterioration of soil 
properties which are characterized by extreme acidity, nutrient deficiency, low soil 
organic matter content and a modified soil structure as well as a modified soil 
organism population and activity (Johnson & Bradshaw 1979, Bradshaw & Chadwick 
1980, Logan 1992, Moffat & Buckley 1995). Immediate restoration is necessary to 
arrest further degradation and to restore plant and animal communities native to the 
area (Jordan III et al. 1993). Rate of recovery depends on the extent of deterioration 
and whether appropriate and timely measures are carried out to restore the degraded 
systems. Nevertheless, restoration resembles that of secondary succession, old-field 
succession or primary succession with respect to the level of disturbance the soils and 
vegetation component suffered (Gleeson & Tilman 1990, Aber 1993). 
Extensive studies had been conducted on restoration of different types of 
ecosystems. Afforestation of Norway spruce on agricultural soils showed that there 
was a build-up of C, N, base saturation and cation exchange capacity in the top 5 cm 
soil by comparing the 20-, 40- and 55-year plantations (Alriksson & Olsson 1995). 
Soil fertility in forest fallows during the first ten years of secondary succession 
in south-westem Nigeria had been examined by Aweto (1981). No appreciable 
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accumulation of organic matter and nutrients were found during the first three years, 
but thereafter, they increased progressively. The mean value of fertility index 
(organic matter concentration, total N concentration, water-holding capacity, cation 
exchange capacity and concentration of available P) for the 1-，3-, 7- and 10-year 
fallows was 48%, 42%, 65% and 75% respectively when compared to their 
counterparts in mature forest. 
Similar results were obtained by Ross et al. (1990) in their restoration study of 
a temperate grazed pasture where 20 cm of topsoil had been stripped. Upon sowing of 
pasture grasses and clovers, organic C and total N were found to increase from 1.7% 
to 3.2% and 0.12% to 0.25% respectively in the top 10 cm after 10-11 years. There 
was considerable improvement when compared to unstripped soils where the 
corresponding values were 4.0% and 0.33%. 
A study on soil property changes during rainforest succession on degraded 
land reviewed that organic C, Kjeldahl N and labile N were 15-50% lower (p < 0.05) 
beneath grassland than primary rainforest, and were higher beneath secondary 
rainforest than grassland (Maggs & Hewett 1993). 
In South China, soil organic C content increased from 0.20% in the top 15 cm 
eroded soils to 0.74% on a 14-year Eucalyptus exserta plantation and 1.04% on a 
mixed legume plantation (Ding et al. 1992). While there was no improvement in soil 
pH (4.6) and total N (<0.02%) in the E. exserta plantation when compared to eroded 
soils (pH=4.5, total N <0.02%), there was an increase in pH (5.1) and total N (0,30%) 
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in the mixed-legume plantation. Similarly, a study on South China soils reported that 
soil organic matter content, total N and available P decreased in the order of mixed 
broadleaf plantation > eucalyptus plantation > barren land (Li et al. 1996). 
While most restoration studies reported substantial improvement in soil 
properties, there were exceptions. For instance, a study on 20-year old plantations of 
red pine, Japanese larch, tulip tree and basswood on the top 10 cm prairie soils 
showed no significant changes in bulk density, exchangeable bases, pH and organic C. 
There was only a significant increase in total N content (Fisher & Eastbum 1974). 
Restoration of industrial wastelands, particularly coal mines, had been 
^tensively attempted. N accumulation on a chronosequence of Appalachian mine 
soils QCCu^ed primarily in the surface 0-5 cm layer (Li & Daniels 1994). Significant 
correlation coefficients of total C (r = 0.82, p<0.05), total N (r = 0.82，p<0.01) and 
active N (r = 0.85, p<0.01) with site age were reported. Similar results were obtained 
on spoils derived from sandstones and siltstones (Roberts et al. 1988a & b). 
Elsewhere, biomass (roots and shoots) and total N were found to be positively 
correlated >^tJ^agej)n china clay waste revegetated with grass and clover ^ a r r s et al. 
][980). Total N in the surface 0-21 cm soil in reclaimed mica dam walls increased 
from 15±3 kg ha"^  (raw wastes) to 455±75 kg ha'^  while that of reclaimed sand tips 
increased from 18±4 kg ha] (raw wastes) to 211土33 kg ha"\ P，Ca, Mg and pH also 
increased with age though the correlation was not significant. 
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While overseas restoration dealt with over-grazed pastures, abandoned fields, 
deforested sites and industrial waste lands such as coal mines, kaoline and china clay 
wastes, lpcal restoration was targeted on borrow areas, eroded slopes, fire bumt areas, 
~**"~~~^~~~~~ — .. - -^-—-^ -^——. . ^ x~ ‘ “ 
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dmnping and landfill sites and mangrove communities. As all degraded landscapes are 
unique and restoration effects are site-specific (Aber 1993), results from overseas 
restoration are not necessarily transferable to local situations. 
The review above clearly shows a lack of studies on early ecosystem 
restoration, except on abandoned pastures by Montagnini and Sancho (1990，1994) 
and Fisher (1995). Though soil improvements were found over a period of 2.5 to 4 
years, these results are not transferable to the local situation with respect to difference 
in the severity of disturbance between the abandoned pasture and the borrow area 
(Aber 1993). Will the granitic soil in the borrow areas be as easily ameliorated as 
other derelict landscapes? Are there any detectable changes in soil properties during 
the early stage of restoration? The objective of the present experiment therefore seeks 
to examine the changes in soil properties after the borrow areas had been separately 
restored for 1 and 2 years. The results obtained from this study will answer the 
following questions: 
1. What are the inherent properties of the granitic soils before rehabilitation? 
2. Will there be any changes in soil acidity in the rehabilitated sites? 
3. Will there be a buildup of soil organic matter, TKN and total P after 
rehabilitation? 




Soil samples were collected in March 1996. Twenty-five systematic random 
samples were separately collected from the R94 and R95 sites and 15 others each from 
the PW and bare site (BS). All samples were taken at two depths (0-5 cm and 5-15 
cm) except those in bare site at 0-15 cm depth due to the absence of soil zonation in a 
beheaded profile. They were returned to laboratory, air-dried at room temperature and 
passed through 2 mm sieves. A subsample of <2 mm soil was further sieved at 0.25 
mm. For chemical analysis that required fresh soil, the samples were kept in the 
refrigerator at 4 °C after passing through 2 mm sieves. 
3.2.2 Soil reaction 
Soil pH was measured by mixing 15 grams of 2 mm air dry soil with distilled 
water at a soil : water ratio of 1:2.5 (w/v). The mixture was then shaken for 10 
minutes and the soil suspension was tested for pH using an Orion Expandable Ion 
Analyzer. 
3.2.3 Organic carbon 
Organic C was determined by the Walkey-Black partial oxidation method. 
One gram of 0.25 mm air dry soil was used. Potassium dichromate solution and 
concentrated sulphuric acid were used to oxidize the organic matter (Jackson 1958) 
and the mixture was then titrated with ferrous sulfate heptahydrate, using o-
Phenanthroline-ferrous complex as indicator. Soil organic matter (SOM) was 
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estimated by multiplying the organic C content with a factor of 1.724 (Chaney & 
Swift 1984). 
3.2.4 Total Kjeldahl Nitrogen (TKN) 
The Kjeldahl digestion method was used to determine total N content. One 
gram of 0.25 mm air dry soil was digested in concentrated sulphuric acid in the 
Tecator DS20 digestor block at 340°C, using copper sulphate as catalyst and 
potassium sulphate to raise the boiling point (Anderson & Ingram 1989). Free 
ammonia was liberated from the digest by steam distillation in the presence of excess 
alkali with the use of Tecator Kjeltec 1026 distillation unit. The distillate was 
collected in a receiver containing excess boric acid and determined titrimetrically, 
using 0.01M hydrochloric acid. 
3.2.5 Mineral nitrogen (ammonium and nitrate nitrogen) 
Ammonium nitrogen and nitrate nitrogen were determined colorimetrically. 
Due to the low mineral N content of the soil under investigation, 20 grams of 2 mm 
fresh soil were extracted with 2M potassium chloride. After shaking for an hour, the 
extract was filtered through Whatman 44 filter paper. The filtrate was analysed 
colorimetrically after the addition of sodium citrate, sodium salicylate, sodium 
tartrate, sodium nitroprusside, sodium hydroxide and sodium hypochlorite solution for 
NH4-N. Sodium hydroxide and salicylic acid were added into a separate filtrate for 
the determination of NO3-N. The NH4-N and NO3-N were detected using the Milton 
Roy Spectronic 3000 Array Spectrophotometer at absorbance readings of 655 nm and 
410 nm, respectively (Anderson & Ingram 1989). 
38 
3.2.6 Total phosphorus 
0,.3 grams of 0.25 mm air dry soil were digested at 120�C in mixed acids of 
perchloric acid, nitric acid and sulphuric acid at a ratio ofl:5:0.5. The molybdenum 
blue method was used for the determination of total phosphorus (Allen 1989). 
Absorbance was read at 700 nm using the Milton Roy Spectronic 3000 Array 
Spectrophotometer. 
3.2.7 Available phosphorus 
Available phosphorus was determined by Truog's method which is suitable for 
acid soils (Allen 1989). Owing to the low content of available phosphorus in local 
soils, 10 grams of2mm fresh soil were extracted with O.OOlMsulphuric acid buffered 
at pH 3. After shaking for 30 minutes, the extract was filtered through Whatman 44 
filter paper. The filtrate was then used for the determination of available phosphorus 
by the molybdenum blue method, using stannous chloride as reducing agent (Allen 
1989). Absorbance was read at 700 nm using the Milton Roy Spectronic 3000 Array 
Spectrophotometer. 
3.2.8 Exchangeable cations 
5 grams of 2 mm air dry soil were extracted with 100 ml lM ammonium 
acetate at pH 7 for the determination of exchangeable K, Na, Ca and Mg. After 
shaking for one hour, the extract was filtered through Whatman 44 filter paper. The 
filtrate was then analysed for K, Na, Ca and Mg using the Varian Spectr AA-300 
Atomic Absorption Spectrophotometer. 
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3.2.9 Exchangeable A1 and H 
10 grams of 0.25 mm air dry soil were extracted with 250 ml \M potassium 
chloride. After shaking for one hour, the extract was filtered through Whatman 44 
filter paper. The filtrate was then boiled to expel excess CO2 and then titrated with 
0.01M sodium hydroxide to determine the total exchangeable acidity, using 
phenolphthalein as indicator G^anjing Soil Research Institute 1978, Anderson & 
Ingram 1989). A separate aliquot was likewisely boiled to expel excess CO2 . After 
adding an excess amount of 3.5% sodium floride to convert the exchangeable A1 to 
Alp6^" precipitate, the filtrate was then titrated with 0.01M sodium hydroxide to 
determine the exchangeable H. Exchangeable A1 was calculated as the difference 
between total exchangeable acidity and exchangeable H. 
3.2.10 Carbon: nitrogen ratio 
Carbon: nitrogen ratio was obtained by dividing organic carbon by total 
Kjeldhal nitrogen. 
3.3 Statistical analysis 
As aforesaid in the methodology section soil samples were taken at two 
depths, namely 0-5 cm and 5-15 cm, in the R94，R95 and PW sites, but at 0-15 cm in 
the bare site (BS). To facilitate easy comparison between sites, values of the two 
depths for R94, R95 and PW were averaged to give a mean value for the 0-15 cm 
layer. 
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Statistical analysis was performed by using the statistical package SPSS (for 
Windows). Inter-site differences (BS, R94, R95 and PW) for each parameter at 0-15 
cm depth were tested by Duncan's Multiple Range Test. In a separate inter-site 
Duncan's Multiple Range Test for the 0-5 cm and 5-15 cm layers, the results were 
exactly the same as that of 0-15 cm layer. Hence, only results of the latter were 
presented in this chapter. 
y 
Because exchangeable A1, H and total exchangeable acidity were only 
analysed for soils ofR94 and R95, the differences between these two sites were tested 
by Student's t-test. 
Intra-layer differences (0-5 cm versus 5-15 cm layers) in soil properties 
between the two rehabilitated sites were also tested by Student's t-test in an attempt to 
differentiate the ameliorative effects between layers. The significance level of all 
tests was set at confidence limit of p<0.05, unless otherwise specified. 
3.4 Results 
3.4.1 Chemical properties ofthe newly excavated soil 
The bare soil was strongly acidic, pH averaging 4.49 (Table 3.1). It contained 
low levels of organic matter (0.18%), TKN (0.01%), NH4-N (2.56 ^g g]), NO3-N 
(0.29 ^g g-i) and total P (4.35 mg kg]). While available P was barely detectable, the 
soil was deficient in exchangeable K (0.06 cmol kg])，Na (0.02 cmol kg"), Ca (0.07 
cmol kg-i) and Mg (0.21 cmol kg'^). 
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Table 3.1 Soil chemical properties of the four sites (n=15 for BS and PW ； n=25 for R94 
and R95). 
Parameters 0-15 cm 
BS ^ 1 ^ PW 
~PH 一 4.49 (0.32) a ~ ~ 4 . 4 8 (0.20) a 4.89 (0.45) b 4.33 (0.25) a 
Organic matter (%) 0.18 (0.42) a 0.37 (0.25) a 0.34 (0.20) a 3.61 (2.03) b 
TKN (%) 0.01 (0.02) a 0.01 (0.01) a 0.01 (0.01) a 0.14 (0.09) b 
C:Nratio 10 (16)a 16 (9 )ab l 5 ( 9 ) a b 1 8 ( 6 ) b 
NH4-N Oig g-l) 2.56 (2.94) a 4.41 (1.98) a 5.33 (3.75) a 27.93 (20.26) 
NO3-N (^g g-l) 0.29 (0.21)a 0.68 (0.35)b 0.15(0.12)a 0.84 (0.40) b 
Total P (mg kg-l) 4.35(5.31)a 5.98 (5.93)a 25.54(13.43)b 9.11(5.29)a 
Available P (mg kg_l) trace 3.02 (4.50) a 26.62 (15.90) c 14.65 (10.74) 
Exchangeable Al(l) (cmol kg"l) ND 1 .94(1 .12)NS 2.21 (0 .89)NS ND 
ExchangeableH(l)(cmolkg-l) ND 2.36 (0 .99)NS 0 . 5 8 ( 0 . 1 6 ) N S ND 
Total exchangeable acidity ND 4 . 3 0 ( 1 . 3 0 ) N S 2.79 (0 .99)NS ND 
(cmol kg"l) 
Exchangeable K (cmol k g ] ) 0.06 (0.06) a 0.06 (0.03) a 0.12 (0.05) b 0.10 (0.02) b 
Exchangeable Na (cmol kg_l) 0.02 (0.02) a 0.02 (0.01) a 0.03 (0.01) a 0.03 (0.01) a 
Exchangeable Ca (cmol kg-l) 0.07 (0.13) a 0.35 (0.40) ab o . 6 7 (0.64) c 0.63 (0.30) bc 
Exchangeable Mg (cmol kg-l) 0.21 (0.60) a 0.03 (0.01)a 0.11 (0.06) a 0.11 (0.04) a 
Total exchangeable bases (cmol 0.36 (0.69) a 0.47 (0.40) a 0.93 (0.70) b 0.86 (0 31) b 
kg-l) 
ND: Not determined. 
Values in parenthesis represent standard deviation. 
Values sharing the same letter denote no significant difference at the p<0.05 level by Duncan's 
Multiple Range Test. 
(i)Values represent measurement of the 0-10 cm soil layer since incubation samples (see Chapter 4) were used for 
analysis of exchangeable A1 and H (n=20). 
Ns Values were not significantly different at the p<0.05 level by Student's t-test. 
3.4.2 Effect of rehabilitated communities on soil chemical properties 
3.4.2.1 Soil reaction and exchangeable acidity 
Soils ofthe R94, R95 and PW sites were strongly acidic, pH averaging 4.48, 
4.89 and 4.33 respectively (Table 3.1). The pH ofR95 was significantly higher than 
the other two sites. 
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The two rehabilitated sites recorded comparable concentrations of 
exchangeable A1, H and total exchangeable acidity (p>0.05). R95 contained higher, 
but not significant, level of exchangeable A1 than R94 while the reverse was true of 
exchangeable H and total exchangeable acidity. 
3.4.2.2 Organic matter and C:N ratio 
, Comparable amount of SOM was detected in R94 (0.37%) and R95 (0.34%) 
which were higher, though not significant statistically, than the bare soil (0.18%). 
SOM in PW (3.61%) was significantly higher than the other two sites. Similarly 
comparable C:N ratio was recorded for soils of R94 (16) and R95 (15) while a 
significantly higher C:N ratio was detected for soils ofPW (18). 
3.4.2.3 Total Kjeldahl N and mineral N 
The same concentration of TKN was detected in the BS, R94 and R95 sites 
(0.01%). Soils ofPW had a significantly higher TKN concentration (0.14%) than the 
other two sites. 
Comparable levels 0fNH4-N were detected in soils ofR94 (4.41 jig g"^ ) and 
R95 (5.33 i^g g-i) and they were significantly lower than soils of the PW site (27.93 
|ig g-i). The concentration of NO3-N in R94 (0.68 i^g g'^ ) was comparable to PW 
(0.84 ^g g-i) but significantly lower than R95 (0.15 i^g g]). 
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3.4.2.4 Total and available phosphorus 
Soils ofR94, R95 and PW contained low levels oftotal P (5.98 mg kg], 25.54 
mg kg-i and 9.11 mg kg] respectively), among which R95 was significantly higher 
than the other two sites. Similarly, the concentration of available P decreased in the 
order of R95 > PW > R94 . 
3.4.2.5 Nutrient cations 
Total exchangeable bases in R94 (0.47 cmol kg" )^ was significantly lower than 
R95 (0.93 cmol kg]) and PW (0.86 cmol kg]). The bare soil (BS) contained least 
exchangeable bases, averaging 0.36 cmol k g \ 
Exchangeable K decreased in the order of R95 > PW > R94, BS (see Table 
3.1). Exchangeable Na concentrations were lowest among the base cations, averaging 
0.02-0.03 cmol kg"^  for R94, R95 and PW. The concentration of exchangeable Ca of 
R95 (0.67 cmol kg^) was significantly higher than R94 (0.35 cmol kg"^ ) but 
comparable to PW (0.63 cmol kg" )^. Soils of R94 contained 0.03 cmol kg"^  
exchangeable Mg while higher concentrations of 0.11 cmol kg] were detected in R95 
and PW. There were no significant differences between sites. 
3.4.3 Intra-layer differences of soil properties 
Soil properties varied significantly between layers in each of the rehabilitated 
sites, except pH (Table 3.2). Overall, the top 5 cm soils contained more organic 


























































































































































































































































































































































































































































































































































































































































































































































































5-15 cm counterparts. Similarly, the surface soil was characterized by a wider C:N 
ratio than the bottom soil. 
3.5 Discussion 
3.5.1 Properties of granitic soils awaiting restoration 
Granitic soils of the borrow area were strongly acidic and deficient in SOM, 
nitrogen, phosphorus and cation nutrients. Are they unique to this part of the world �~~__ 
and what implications they have on ecosystem restoration? To understand more the 
characteristics of derelict landscapes in Hong Kong and South China, findings ofthe 
present study are compared to similar studies on granitic and severely eroded soils 
(Table 3.3). The soils summarized in Table 3.3 represent different degree of 
disturbances and are mostly subsurface soils. Interestingly, all of them are strongly 
acidic and deficient in nutrients. The borrow area soils contained even lower levels of 
SOM and total phosphorus. Hence, there is no reason why results obtained from the 
present study could not be applied to the nearby region. 
Nitrogen and phosphorus are limiting nutrients in the disturbed granitic soils 
and the success of restoration depends on their continuous supply (Bloomfield et al. 
1982, Jordan III et al. 1993，Harris & Hill 1995). Under natural conditions, N and P 


























































































































































































































































































































































the rainwater in this part of the world contains only negligible amounts of N (Cole 
1995) while the granitic rocks are not organic-rich either for the release o f N from 
weathering (Reiners 1981). Phosphorus released from weathering will form 
complexes with A1, Fe and Mn under acidic environment typical of tropical soils 
(Brady 1990). Besides, the cation nutrients o fK, Na, Ca and Mg are easily leached 
from this porous soil (Jones & Graham 1993, Johnson-Maynard et aL 1994). Because 
ofthis, the granitic soils are inherently deficient in N and P. 
SOM is the storehouse o fN and P. Why was SOM in the borrow area (0.18%) 
lower than that of other studies? It was because an average thickness of 8 m of soils 
were removed from the borrow area. The subsurface soil contains not only limited 
amount of organic matter but also limited microbial life. On the other hand, organic 
matter in the severely eroded red soils in South China could have been washed from 
the nearby undisturbed sites (He et aL 1989). 
The strong acidity not only affects the bioavailability of phosphorus, but also 
aluminium toxicity in the soil (Jones & Fox 1978，Fox et aL 1985). During early 
establishment stage, tree saplings are particularly vulnerable to A1 toxicity (Logan 
1992，Bordeleau & Prevost 1994), the threshold level ofwhich ranged from 0.5 ^g g"^  
to 2 t^g g-i (Dragovich & Patterson 1995). 
Hence the borrow area in Tai Tong is subjected to profile destruction typical 
of the most severely disturbed soil (Aber 1993). The problems of strong acidity, 
SOM and nutrient deficiencies must be addressed in ecosystem restoration. The 
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impact of 1- and 2-year old plantations on the soils will be discussed in the following 
sections. 
3.5.2 Effect of rehabilitated communities on soil acidity 
The effect of rehabilitated communities on soil pH appeared to vary with age 
ofthe vegetation. It increased significantly against the bare soil (BS) after one year of 
-growth (R95) but levelled off in the second year (R94). Active acidity can be 
replenished by exchangeable H+ ions on the adsorption sites, which was higher in R94 
(2.36 cmol kg-i) than in R95 (0.58 cmol kg" )^. Although the trend was reversed for 
3+ 
exchangeable A1 ions, total exchangeable acidity was also higher, though 
insignificant statistically, in R94 (4.30 cmol kg"^ ) than in R95 (2.79 cmol kg" )^. 
Why was there a short-term increase in pH of the 1-year old community? 
There is no easy answer to this question. We believe the addition of mulch fibre in 
the hydroseeding slurry and their incorporation in the granitic soil could have caused 
this change. These organic-rich materials could act as active adsorption sites for 
hydrogen ions, thereby reducing the active acidity and buffering the soil against 
drastic pH change. Upon their gradual breakdown with time, soil pH would change in 
response to fertilizer input and the dynamics ofhumic substances converted from litter 
materials. 
The rehabilitated sites were fertilized one (R95) to two (R94) times with 
Nitrophoska (12:12:17:2) after the planting of trees (see Chapter 2). The nitrogen of 
this fertilizer was made up of 60% NH4-N and 40% NO3-N (Manufacturer's technical 
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note), continuous use of which would acidify the soil (Johnson & Bradshaw 1979， 
Stevenson 1986，Tamm 1991) and result in lowering ofthe pH. This happened when 
the restored community was 2-year old. 
Soil acidification in the restored community can also be caused by acid 
substances produced during metabolism of roots and microbes. These include 
organic acids and respiratory CO2 which combines with soil water to produce 
carbonic acid, leading to the release of hydrogen ions (Kimmins 1987). While 
respiration activities of the soils decreased in the order ofPW > R94 > R95, the order 
for pH was reversed (see Chapter 5). Besides, the 1-year old community might not 
have accumulated as much SOM to buffer against pH change as the 2-year old 
community. 
The pH of rainwater collected in the rehabilitated sites in June 1996 ranged 
from 3.06-3.93 (results not presented). It is definitely another source of the soil 
acidity. Last but not the least is the rapid assimilation of nutrients in biomass of the 
fast-growing species, resulting in less bases on the floor and increased acidity with 
time (Odum 1969). 
Soil acidification during woodland establishment is well documented in the 
literature (Dragovich & Patterson 1995). While this is largely a natural process, a pH 
of4.33 in the woodland dominated by Pinus massoniana is not desirable either. Pine 
litters are known to contain acidic substances (e.g. polyphenols) that can lower soil 
pH (Zinke 1962, Ross 1989). We believe a careful selection of species can reduce but 
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never eliminate the acidification problem associated with ecosystem restoration in this 
part of the world. 
3.5.3 Effect ofrehabilitated communities on SOM, N and P 
Soil amelioration took effect during the first two years of rehabilitation as 
SOM in the rehabilitated sites (0.34%-0.37%) doubled that ofthe bare soils (0.18%), 
though their levels were only one-tenth that of the woodland soils (3.61%). These 
levels were also lower than monocultures of acacias {Acacia confusa. Acacia 
auriculiformis and Acacia mangium) which had been planted for 4-5 years on granitic 
slopes (0.60%-2.22%) (Fung 1995). Wi l l SOM double after two more years of 
growth reaching a level similar to that ofFung (1995)? 
SOM increased as a result of decomposition of litter not only from the 
plantation species, but also from the shade tolerant fems that colonized the 
understorey (Chong 1996). Equally important is the source from decomposition of 
root and microbial biomass. Though litter decomposition was not investigated in the 
present study, results of soil respiration showed that both daily and cumulative CO2 
production were higher in the newly restored plantations than in the bare soil (see 
Chapter 5). Higher microbial activities clearly reflected an accumulation of organic 
substrates in the soils of the rehabilitated communities, which are energy and nutrient 
sources of the soil microbes. In addition, crown development of the restored 
plantations provides shade which improves the biophysical environment and favours 
microbial growth. 
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Besides direct contributions from litter and root, part of the SOM could come 
from hydroseeding. For instance, the bennet used to cover the hydroseeded slope is 
biodegradable and organic in nature. As a protective cover of the slope, it accelerates 
the development of a strong and permanent root mat leading to an increase in root 
biomass. Similarly, mulch fibre in the hydroseeding slurry not only maintains 
sufficient moisture for grass seeds to germinate but also humifies to become soil 
organic matter with time. Equally important is the soil additive (starch polymer) 
(Manufacturer's technical note) used in the planting of R95. Apart from improving 
moisture supply to the trees, the organic soil additive could be another source of 
SOM. Although it is impossible to differentiate the effect between these sources, they 
definitely contribute to the early and rapid build-up of SOM in the rehabilitated sites. 
While Schnitzer (1991) reported that nearly all of the N found in soils were 
closely associated with SOM, wi l l there be a parallel increase of N in the restored 
ecosystems? Table 3.4 shows the correlation o f T K N with SOM in the different sites. 
It was found that TKN in soils of the bare (BS) and woodland sites (PW) were highly 
correlated with SOM, while those of the R95 and R94 sites were less strong, though 
equally significant. Why are correlations in the virgin (BS) and undisturbed soils 
(PW) stronger than the reclaimed soils and what are the implications? 
Table 3.4 Correlation o f T K N (%, y) with soil organic matter (%, x). 
— y=a+bx r^ SE 
~BS y=0.002+0.04x 0.99* 0 ^ 
R94 y=-0.001+0.04x 0.70* 0.007 
R95 y=0.000+0.03x 0.51* 0.005 
_PW y=-0.014+0.04x 0.91* 0.027 
Significance level: *p<0.001 “ 
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It clearly shows that SOM is the primary source of TKN in the BS and PW 
soils and the residual variation of less than 10% could be accounted by inputs from 
the atmosphere and dinitrogen fixation. With a greater residual variation, these 
additional sources are more likely to occur in the woodland soil than in the bare soil. 
This is expected because the bare soil is actually the freshly exposed subsoil in the 
borrow area. There is limited amount of SOM and microbial life. As a corollary, the 
sources of TKN are more varied in the newly rehabilitated communities than the 
control sites. SOM accounted for only 51% and 70% ofthe variation in TKN for R95 
and R94 respectively. The finding agrees reasonably well with Brown and Lugo 
(1990) that during the first few years of plant establishment, nutrient retum from litter 
decomposition is limited. Besides the contributions from root and litter biomass, 
additional TKN could have come from the ammoniacal fertilizers, dinitrogen fixation 
ofthe legumes (Acacia confusa, Acacia auriculiformis and Acacia mangium) and non-
legumes {Casuarina equisetifolia), as well as from the atmosphere. Under the 
existing experimental conditions, it is impossible to quantify the amount contributed 
by each of these sources. What we know for sure is that contribution from the 
atmosphere is negligible. What rules can we then generate from this finding? 
In a separate study conducted on 4- to 5-year old acacia plantations, the 
regression coefficient (r^) between SOM and TKN ranged 0.74-0.90 (p<0.01) (Fung 
1995). Fertilizer application has been discontinued on these plantations, which are 
located 2 km west of the TTEBA. With a gradual build-up of SOM, the resultant 
regression coefficients are higher than that of R95 (0.51) and R94 (0.70), but 
marginally lower than the PW (0.91). This clearly shows that the significance of 
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SOM as a storehouse of TKN increases with successional development of the 
vegetation community. Young and fertilized communities are characterized by low 
regression coefficients between SOM and TKN, as illustrated by R94 and R95. As a 
corollary, early ecosystem restoration requires a supply of nitrogen from either 
fertilizers or N2-f1xing legumes. 
TKN reflects the total nitrogen capital in soils; however, only the mineral 
forms 0fNH4-N and NO3-N are utilized by plants. Mineral nitrogen constituted 2.9%, 
5.5%, 5.1% and 2.1% of the respective nitrogen pool in the BS, R95, R94 and PW 
sites (see Table 3.1). While the quantity of available nitrogen rarely exceeds 1-2% of 
the total soil N (Brady 1990), the extra amount detected in R94 and R95 sites could 
have been contributed by the fertilizer Nitrophoska (12:12:17:2), the nitrogen of 
which is made up of 60% NH4-N and 40% NO3-N. This further confirms fertilizer as 
an important source of nitrogen in the newly rehabilitated community. At the same 
time, the higher mineral N percentages (5.1-5.5%) do not necessarily indicate an 
adequate supply in the soils. Instead, the absolute levels of 5.09 |ug g"^  (R94) and 5.48 
M-g g-i (R95) fall outside the critical level of 50 ^ig g_! suggested by Dutton and 
Bradshaw (1982). 
The relationship of SOM with total phosphorus is more complex than with 
nitrogen. A positive but weak correlation was found in R94 but not in other sites 
(Table 3.5). Besides SOM, therefore, there are other sources of phosphorus in the 
study area. While P fertilizer could have been a possible source in the rehabilitated 
sites, the sources are not as easily identifiable as in the control sites. 
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Table 3.5 Correlation of total P (mg k g \ y) with soil organic matter (%, x). 
y=a+bx 7 ^ 1 
^ y=0.33+0.60x 0 ^ ^ 
R94 y=0.20+1.08x 0.21* 0.54 
R95 y=1.80+2.24x 0.11^^ 1.29 
PW y=0.68+0.06x 0.06% 0.53 
Significance level: * p<0.05; NS: Not significant. ~~ 
Total phosphorus accounted for 64%, 56% and 36% of the variation of 
available phosphorus in R95, R94 and P^，respectively (Table 3.6). It clearly indicates 
that total P as a source ofavailable P is declining in importance as ecosystem matures. 
This is expected because part of the available phosphorus in the rehabilitated sites 
came from fertilizers. Plants grown on nutrient poor sites are also less reliant on 
mineral P for growth. Instead, they can absorb directly the organic forms of 
phosphorus (Macklon et al. 1994)，which account for 20-80% ofthe total P in most 
surface soils (Schnitzer 1991). The dynamics of organic P and its role in the 
rehabilitated communities warrants further study. 
Table 3.6 Correlation of available P (mg k g \ y) with total P (mg k g \ x). 
y=a+bx ？ ^ 
~ ^ ND ND ND 
R94 y=-0.04+0.57x 0.56*** 0.31 
R95 y=0.24+0.95x 0.64*** 0.97 
PW y=0.35+1.22x 0.36* 0.89 
ND: Not determined since only trace amount of available P was detected in the bare soils. 
Significance level: *p<0.05, ***p<0.001. 
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Availability of phosphorus is pH-dependent (Brady 1990). At pH below 5，the 
H2PO4- ion reacts with Fe and A1 to form insoluble compounds while at pH above 6， 
it reacts with Ca to form insoluble calcium phosphate (Foth 1990). How does soil 
acidity affect the availability o fP in the rehabilitated sites? 
To answer this question, linear and quadratic regression analyses were 
performed on available P and pH. A significant correlation was only found with R95 
in the quadratic regression analysis (Table 3.7). Following a parabolic pattern, 
available P in R95 increased progressively with pH. Maximum availability occurred 
at pH 5.25, above which available P was reduced due to complexation with other 
elements. The same relationship was not found in the BS, R94 and PW sites. When 
data of all the sites (BS, R94，R95 and PW) were pooled in the analysis, soil pH 
explained 15% of the variation in available P (Table 3.7). As a rule of the thumb, 
application of P-containing fertilizers would increase availability of P only when the 
soils are amended with lime (Logan 1992). 
Table 3.7 Correlation of available P (mg k g \ y) with soil pH (x). 
y=a+bx+cx^ ？ ^ 1 ~~ 
~ ^ ND ND ND~~ 
R94 y= 7.64+0.24x-2.72x^ 0.05 0.46 
R95 y=-105.58+39.92x-3.61x^ 0.29* 1.40 
PW y=36.12+1.68x-15.28x^ 0.02 1.15 
Pooled (BS+R95+R94+PW) y=-13.37+4.61x-0.31x^ 0.15** 1.39 
ND: Not determined since only trace amount of available P was detected in the bare soils. 
Significance level: *p<0.05, **p<0.01. 
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Lastly, it was rather unusual for soils of PW and R95 to have a higher 
concentration of available P than total P, since the latter was a source of the former. 
Such findings were possibly due to underestimation of total P in which the most 
recalcitrant inorganic, within silica P was not released upon digestion of the soil 
samples with mixed perchloric-nitric-sulphuric acid (^ewman 1995). 
As soils of the rehabilitated sites contain low levels of N and P, how wil l 
growth of the restored vegetation be affected? This wi l l be investigated in Chapter 6. 
3.5.4 Changes in cation nutrients after rehabilitation 
Total exchangeable bases (TEB) refer to the sum of exchangeable K, Na, Ca 
and Mg in the soil. Relatively undisturbed, the woodland site dominated by Pinus 
massoniana contained the highest level of TEB (0.86 cmol kg]), in which Ca was 
most abundant (see Table 3.1). This is typical of the soils in South China (He et al. 
1989, Fung 1995). On the contrary, the bare soil awaiting restoration contained only 
0.36 cmol kg-i TEB, 58% of which was dominated by exchangeable Mg. TEB was 
elevated after restoration, being more prominent in R95 (0.93 cmol kg"') than in R94 
(0.47 cmol kg-i). In contrast to findings by Aitken (1992), there existed no correlation 
between TEB and SOM in the present study. This is because carboxyl groups ofthe 
organic matter are largely undissociated under low pH conditions (Turpault et al. 
1996). 
Cation nutrient concentrations in the soil represent a balance between plant 
uptake, leaching, microbial immobilization, and inputs. While young trees absorb 
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more the K, Ca and Mg than Si, A1 and Fe, the amount absorbed represents a small 
portion of the total pool in soil (Li et al. 1996). TEB in the rehabilitated sites did not 
decline against the bare soil; instead, there is substantial increase especially for R95. 
It contradicts the finding that exchangeable nutrients decline during the early stage of 
tree growth (Miller 1995). It is therefore fairly safe to conclude that losses due to 
leaching, uptake and immobilization are counterbalanced by inputs from weathering, 
biotic cycling, atmospheric deposition and fertilizers. 
Other factors being equal, R95 received 2 doses of fertilizer since planting as 
against 3 for R94 (see Chapter 2). Why was TEB higher in R95 than in R94? While 
the two rehabilitated communities consist of vigorous growing young trees, we 
believe the physiological demand of the species and their ability to obtain nutrients 
from the soil is greater in R94 than in R95. This is possible because biotic cycling 
before canopy closure is not well developed (Miller 1995). With a more developed 
root system, the 2-year old tree species tend to absorb and accumulate more nutrients 
in their biomass than the 1-year old counterparts. Consequently, there were less 
exchangeable bases in R94 than in R95. 
Equally noticeable is a rapid decline of exchangeable Mg and an accumulation 
of Ca in the reclaimed soils. Young growing trees require an abundant supply of Mg 
to build up their chlorophyll, thus exhausting the reserve in soil. For instance, 
exchangeable Mg was reduced from 0.21 cmol kg"^  in the bare (BS) soil to 0.11 cmol 
kg-i in R95 and 0.03 cmol kg"^  in R94 (see Table 3.1). Luckily, the fertilizer 
Nitrophoska contained 2% MgO (Manufacturer's technical note). It is well 
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documented in the literature that tree roots have a pumping effect on calcium, 
resulting in its concentration in the surface soil (Bradshaw 1993，Fisher 1995). 
Indeed, exchangeable Ca in the top 15 cm soil increased by 5 (R94) and 10 (R95) 
times against the bare soil (see Table 3.1). Plants absorb calcium to build up their cell 
wall (calcium pectate) and with a longer period of growth, R94 accumulated more Ca 
in their biomass than R95. The concentration in the topsoil is thus reversed. As the 
granitic soil contains semi-weathered materials, part of the calcium could have been 
released from chemical weathering after restoration. As a corollary, the addition of 
lime in the restoration of granitic borrow area not only reduces soil acidity, but also 
improves calcium supply to the rehabilitated species. Unfortunately, this is never 
practised in Hong Kong and its effect on microbial activities as well as nutrient 
turnover in the soil should not be underestimated. 
Plants absorb more potassium than needed. As a mobile element, it is easily 
leached and its concentration in soils of Hong Kong (Chau & Lo 1980) and South 
China is extremely low (He et al. 1989). There was a temporary build-up o f K in the 
soil when the borrow area had been restored for one year (R95), possibly due to 
fertilizer additions and a concentration effect of grass roots. Two years after 
rehabilitation (R94), it declined to a level comparable to the bare soil as a result of 
rapid uptake by the vigorous growing trees. 
In a nutshell, there was a build-up o fTEB immediately after restoration, being 
accompanied by pH increase. This beneficial effect was short-lived, lasting for one 
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year only. Besides, a redistribution of Ca and Mg in the soils during the early stage of 
restoration was also detected. 
3.5.5 Comparison ofecosystem rehabilitation with other studies 
There were improvements in SOM, TKN and pH after the borrow area had 
been rehabilitated for 1 to 2 years. This is achieved as a result of the combined 
influence of grass and tree growth, fertilizer input, dinitrogen fixation and 
atmospheric deposition. Is it consistent with similar studies in Hong Kong and 
overseas? 
Before a comparison is made against other studies, we have to establish 
whether properties of the newly reclaimed soils are optimal or otherwise. Table 3.8 
summarizes the critical levels of selected properties, including the rating of Landon 
(1991) and the guidelines adopted by the Crop Nutrition Unit ofthe Agriculture and 
Fisheries Department in Hong Kong. As seen from the table, the critical levels are 
generally higher in Landon's rating than that of AFD. Despite this, the reclaimed 
soils are strongly acidic in reaction and are deficient in SOM, TKN, exchangeable K, 
Ca and Mg. There is still a long way to go before the SOM and nutrients are restored 
to acceptable levels. In other words, ecosystem function with respect to nutrient 
retention has not been fully restored yet. How wil l these properties change with age 



























































































































































































































































































































































































































































































The ameliorative effects of 4- to 5-year old Acacia confusa. Acacia 
auriculiformis and Acacia mangium on eroded granitic soils near Tai Tong had been 
investigated by Fung (1995). These woodlands were planted by AFD to protect the 
soils against erosion and to conserve water resource in the water catchment area. 
Similar in geology, soil type and altitude, the results can be compared with the present 
findings to extrapolate future ameliorative effects. For comparison purpose, TKN 
reserve in the borrow area was converted to kg ha"\ as in other studies (Table 3.9). 
As seen from the table, while pH of the 4- to 5-year old reclaimed soils remained 
strongly acidic, there was a gradual build-up of SOM and TKN with time. For 
instance, SOM in the 5-year old Acacia mangium community amounted to 2.22% 
against the maxima of 0.55-0.56% recorded for the 1- to 2-year old communities in 
the present study. Similarly, the 4- to 5-year old communities accumulated 675-1,800 
kg ha_i N in the soils, which is much higher than the range of 14-150 kg ha"^  recorded 
for the newly rehabilitated communities. While there is a gradual build-up of SOM 
and TKN with time in the local environment, is it fast enough? 
The examples shown in Table 3.9 are of comparable age and level of 
disturbance, but different in the nature of disturbances. After restoration of 1 to 2 
years, the lignite mine soils accumulated 315-330 kg ha"^  N, which is more than 
double of the borrow area (Gil-Sotres et al. 1992). Similarly, nitrogen reserve ofthe 
coal mine soil restored with 4-year old grass-acac/a-eucalypt mixture amounted to 
19,800 kg ha'i (Dragovich & Patterson 1995), which is 10 times higher than the 
restored community of similar age in Hong Kong (Fung 1995). Besides, most ofthe 









































































































































































































































































































































































































































































































































































































































































































































































counterparts. It is therefore fairly safe to conclude that the accumulation of SOM and 
TKN in the local communities is slower than the overseas examples. Why is this the 
case? 
This is partly related to intensive amendments of the disturbed soils with 
organic matter, fertilizer and lime overseas. Mulch in the form of cellulose mixed 
with stabilizing agents was applied annually at a rate of 300 kg ha"^  to the lignite mine 
soils (Gil-Sotres et al. 1992). Similarly, carbonaceous waste materials and fresh 
topsoil were mixed with red-yellow podsolic overburden during the restoration of 
opencast coal mine (Dragovich & Patterson 1995). There were, however, no additions 
of organic matter to amend the borrow area soil before planting because it is not a 
common practice in Hong Kong. The amount of organic matter contributed from 
decomposition of the bennet and mulch fibre in the hydroseeding slurry was minimal 
when compared with those added purposely to amend the soils overseas. 
Furthermore, heavy application of fertilizers to the lignite mine (170 kg ha]) and coal 
mine (200 kg ha'^) soils not only enhanced growth of the restored vegetation but also 
facilitated a rapid build-up of TKN. Although fertilizer was also added in local 
planting, its effectiveness could be undermined by a lack of organic matter in the soil. 
The average pH values of the rehabilitated sites in Hong Kong are almost 2 
units lower than their counterparts overseas (Table 3.9). This is because coarse 
agricultural limestone (Gil-Sotres et al. 1992) or gypsum (Dragovich & Patterson 
1995) were used to neutralize the soils before restoration. For instance, pH of the 
lignite mine soil was elevated from 4.6 to 6.3 after lime application. It facilitated the 
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build-up of SOM and TKN in the disturbed sites by providing a more favourable 
environment for microbial activities. Unfortunately, liming the soil before restoration 
is never practised in Hong Kong. 
The slower build-up of SOM and TKN in Hong Kong than in overseas 
countries could also be caused by different species composition of the rehabilitated 
communities. The restored mine soils were sown with a mixture of grass and clover 
before tree planting (Gil-Sotres et al. 1992，Dragovich & Patterson 1995). As an 
annual legume with a rapid turnover rate, the clover not only augments soil nitrogen 
supply but also facilitates the accumulation of organic matter. Conversely, only 
grasses are used in Hong Kong to provide an initial cover of the ground before tree 
planting. It is therefore necessary to identify suitable leguminous herbs that can be 
added to the hydroseeding mix. 
According to our observation in the field, the humification of tree litters on 
the restored granitic soil is a slow process. Very often the organo-mineral horizon is 
absent, not only in the newly rehabilitated sites but also in the older communities 
investigated by Fung (1995). Indeed, the granitic soil is porous, shallow and dry, 
which discourages the growth of microorganisms. Worse still, surface runoff is 
severe on the slopes leading to the rapid loss oflitters. The nature ofthe granitic soil, 
therefore, also accounts for the slow build-up of organic matter and TKN. 
The comparison abo^ ve clearly suggests that the quality of restoration work in 
Hong Kong is inferior to overseas experience. It arises from the lack of a clearly-
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defined objective and of sufficient resources to amend the impoverished soil before 
planting. The two most critical problems of the granitic soil are low SOM and TKN 
levels, and strong acidity. Amendment of the soil with organic wastes and lime are 
crucial to improve fertilizer efficiency, enhance microbial growth and rapid 
accumulation of SOM and TKN. This can be accomplished by engineering and 
biological means, and needs to be included in the tender specifications. 
3.6 Conclusion 
From findings of the present experiment, the following conclusions can be 
drawn: 
1. The granitic soils awaiting restoration (BS) were strongly acidic in reaction (pH 
4.49)，contained low levels of SOM, and were deficient in nitrogen, phosphorus, 
potassium, calcium and magnesium. 
2. After rehabilitation of one year (R95), pH rose from 4.49 to 4.89 but dropped 
back to 4.48 in the second year (R94). 
3. Soil organic matter increased from 0.18% in the bare soil (BS) to 0.34% in R95 
and 0.37% in R94 but was much lower than the level of3.61% recorded for the Pinus 
woodland (PW) site. TKN in the rehabilitated communities (0.01%) remained 
unchanged against the bare soil. Mineral N constituted 5.1-5.5% ofthe total pool in 
the rehabilitated sites. Total and available P increased significantly against the bare 
soil in R95 but not in R94. 
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4. Total exchangeable bases increased significantly against the bare soil in R95, but 
not in R94. The reduction of exchangeable Mg was compensated by a build-up of Ca 






Nitrogen has long been considered as the most limiting nutrient for plant 
growth (Johnson & Bradshaw 1979, Tamm 1991, Femandes & Rossiello 1995). 
Because derelict landscapes are deficient in nitrogen, the nutrient is critical to success 
of ecosystem restoration (Bradshaw 1983). Normally, nutrients are added to the 
ecosystem via weathering, atmospheric deposition, fertilization, fixation and 
mineralization (Cole 1995). However, weathering is a significant supplier o f N only 
when the rock is organic-rich (Reiners 1981). Similarly, atmospheric deposition 
contributes negligible amount of N to the ecosystem though higher deposition rates 
were reported in Europe, eastem United States and Canada in recent years (Cole 
1995). 
Hence, fertilization, fixation and mineralization are the main processes that 
add N to the ecosystem. The amount of N supplied by these processes is critical 
during early ecosystem restoration when the demand by establishing vegetation is 
much higher than older stands. Miller (1995) reported that the demands on soil N ofa 
2m conifer stand was nearly twice that of an 1 lm stand. Similarly, while 100 kg N 
ha_i yr_i was needed to support satisfactory woodland growth, an extra amount of 20 
kg N ha_i yr_i was required for annual increments in a young woodland (Kendle & 
Bradshaw 1992). 
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While effects of fertilization and nitrogen fixation on ecosystem development 
were available in the literature (Dancer 1975，Srivastava & Ambasht 1995, De Visser 
1995，Ovalle et al. 1996), there were few studies on mineralization. Hence, the 
present experiment investigated nitrogen mineralization of the newly rehabilitated 
communities. 
Net aboveground production across a series of edaphic climax forests was 
highly correlated with in situ measurements of soil N mineralization (r^=0.90, 
p<0.001) (Pastor et al. 1984). However, the situation about early ecosystem 
restoration remained unknown. Understanding N mineralization during the early 
years of restoration is crucial to the success of vegetation establishment and to the 
restoration of ecosystem functions. 
^itrogen mineralization is the process by which organic N is converted to 
inorganic form via microbial activities. Ammonium nitrogen O^H4-N) is the first 
product upon the breakdown of organic compound by soil microbes and this process 
is known as ammonification. The released NH4-N wi l l be oxidized by Nitrosomonas 
to nitrite which undergoes further oxidation by Nitrobacter to form nitrate nitrogen 
(NO3-N), a process known as nitrification (Harris 1988). NH4-N and NO3-N are the 
two dominant forms of mineral N found in soils that are available for plant uptake 
(Cole 1995). 
In China, only 2-3% of the total soil N was mineralized annually (Lu & L i i 
1995), against an average of 4-5% for the world soils (Brady 1990). In situ annual N 
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mineralization in a savanna averaged 5-8% of the total N pool (Bemhard-Reversat 
1982). How much N is mineralized in a subtropical environment like Hong Kong? 
Nitrogen mineralization is affected by environmental factors such as soil 
moisture content, temperature and soil pH (Granhall 1981, Robertson 1982, Gilmour 
1984, Fisher et al. 1987, Robertson et al. 1988，Grundmann et al. 1995). While 
canopy closures moderate the effect of soil microclimate，will N mineralization differ 
between the rehabilitated sites? Seasonal variation in net N mineralization after 
deforestation of a 22-yr-old loblolly pine plantation was controlled by microclimate 
but not substrate quality (Vitousek & Matson 1985). On the other hand, net N 
mineralization under young regrowth (35-yr-old) following dieback was controlled by 
substrate quality (Matson & Boone 1984). Is N mineralization in the newly 
rehabilitated communities controlled by microclimate or by substrate quality, or both? 
In fact, these environmental factors affect the amount and rate of 
mineralization by influencing microbial activities. In arid soils, highest in situ N 
mineralization was found during early spring and late fall when soil temperature and 
moisture were favourable for microbial activities (Wildung et al. 1975). Similarly, 
occurrence of peak N mineralization in a semi-arid savanna was related to rain 
distribution (Bemhard-Reversat 1982). Wi l l N mineralization vary with seasons in 
Hong Kong where the climate is characteristically monsoonal? When wi l l N 
mineralization peak in the rehabilitated sites? On the other hand, a higher rate of N 
mineralization was found at pH 6.8 than at pH 4.0 and this could be attributed to 
greater microbial activities at a higher pH value, though the neutral soil contained less 
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total N (Wickramasinghe et al. 1985). How wi l l N mineralization be affected in the 
rehabilitated sites where the soils are strongly acidic? 
Soil acidity also affects the uptake of mineral N by vegetation. While 
optimum uptake of nitrate was found to occur at pH 6.0 (Bassioni 1971), increased 
nitrate uptake at low pH was also reported (Pettersson 1981). How is N uptake 
affected by soil acidity in the restored borrow areas? Is nitrate the dominant form of 
N uptaken by plant during successional development, as suggested by Rice and 
Pancholy (1972), and Bormann and Likens (1979)? When wi l l peak uptake of N 
occur in the rehabilitated sites throughout the year? 
Bolton et al. (1990) reported that plant cover dramatically influenced the 
amount and rate of N mineralization. They found that spatial distribution of plant 
species at a shrub-steppe site resulted in islands of fertility where enhanced N 
mineralization occurred while that in an annual grassland was more evenly distributed 
since such islands did not exist. While R95 is more grassy than R94, wi l l their 
mineralization patterns be different from each other? 
Nitrogen mineralization also depends on soil properties. It was positively 
correlated with soil total N in a perennial grassland (r=0.68, p<0.001) (Warren & 
Whitehead 1988), a semi-arid savanna (r=0.80, p<0.05) (Bemhard-Reversat 1982)， 
and a conifer plantation (r=0.91, p<0.05) (Powers 1980). Owing to limited production 
of litter during the first few years of vegetation establishment, the reserve of total N in 
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soils is low (see Chapter 3). Wi l l this l imit the rate and amount o f N mineralization in 
the rehabilitated sites? 
Phosphorus may be limiting for the accumulation or subsequent mineralization 
o f N (Tiessen et al. 1994). Its deficiency could limit the activity ofnitr i fy ing bacteria 
(Haynes 1986), and hence affect nitrification (Chapin et al. 1978，Cole & Heil 1981). 
While the local soils are deficient in phosphorus, wi l l nitrification in the rehabilitated 
sites be affected and to what extent? 
Management practice affects N mineralization too. During the first two years 
ofwoodland establishment, fertilizer is applied to supplement growth. While Aleksic 
et aL (1968) and Hassink (1994) reported no effects of N fertilization on net N 
mineralization, Fisher et aL (1987) found that N mineralization in a desert soil 
increased after fertilization. What is the effect of fertilization on N mineralization of 
the rehabilitated sites? While severe leaching o f N was reported after application of 
fertilizers on reclaimed china clay wastes (Marrs & Bradshaw 1980), a mixed forest 
stand and a spruce stand (Insam & Palojrvi 1995), wi l l the rehabilitated sites suffer 
from rapid leaching after fertilization? Besides, while the soils under investigation are 
sandy, is leaching loss of N serious in this porous growth medium? I f not, what are 
the mechanisms that wi l l conserve N in this ecosystem? 
In order to bridge the gap of information on N mineralization during early 
ecosystem restoration, in situ core incubation was studied for a period of one year on 
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the two rehabilitated sites. The results of this experiment wi l l throw light on the 
following questions: 
1. Do ammonification and nitrification occur in the rehabilitated sites? I f so, do their 
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patterns vary seasonally? 
2. Which mineral N, NH4-N or NO3-N is preferred by the newly rehabilitated 
vegetation? Wi l l the uptake patterns vary seasonally? 
3. Wi l l NH4-N and NO3-N be easily leached in the rehabilitated sites? Is leaching 
loss most severe in the rainy season? 
4. Are there any mechanisms to conserve mineral N in the newly rehabilitated 
ecosystem? 
4.2 Methodology 
4.2.1 In situ incubation 
The in situ sequential coring method of Raison et aL (1987) was employed to 
study the fluxes of soil mineral N since it could differentiate not only net N 
mineralization，but also related processes of immobilization, uptake and leaching loss 
in one experiment. Since the focus of this chapter is to differentiate N mineralization 
processes between the two rehabilitated sites and the study was constrained by time 
and manpower, measurements of the bare site and pine woodland were excluded. 
Twenty sampling points were selected from each of the two rehabilitated sites, 
R94 and R95 by systematic random sampling. Incubation was carried out in March, 
June, July, August, September and December of 1996. Four summer months (June to 
September) were included to investigate the effects of rainfall on N mineralization. 
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In each sampling point, a soil sample from the surface 0-10 cm soil layer was 
taken at the start of each incubation period (T!). At the same time, two aluminium 
tubes of 5 cm diameter and 15 cm height were cored into the surface 0-10 cm soil 
layer (Figure 4.1). One of them was covered (C) for 2 weeks to maintain in situ field 
incubation and the other one was left open (0) to observe the extent of loss by 
leaching. The cores were left for 2 weeks in the field in March, June, July, August, 
September and December, 1996 unless being prolonged by unstable weather 
conditions. Details of each incubation period were shown in Table 4.1. 
TIME 0 • START OF INCUBATION TIME 1 « END OF INCUBATION 
X i ^ i i ^ t X i ^ J ； ltofti ;tm 
了1 OPEN COVERED T2 
CORE CORE 
Figure 4.1 Principles of the in situ incubation method (Debosz & Vinther 1989). 
Table 4.1 Details of the in situ incubation study. 
Incubation period (Site) Duration (days) Total rainfall (mm)* 
24 March - 7 April (R95) 14 131.6 
28 March - 11 April (R94) 14 121.8 
13 June - 27 June (R95) 14 385.0 
16 June - 30 June (R94) 14 393.4 
13 July - 1 Aug. (Both) 19 165.3 
11 Aug. - 25 Aug. (Both) 14 134.4 
16 Sept. - 3 0 Sept. (Both) 14 93.8 8 Dec. - 22 Dec. (Both) H 0.0 * ata from Tai Lam C untry Park Management Centre (Hong Kong Royal Observatory 1996). 
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At the end of each incubation period, the cores were collected and a new soil 
sample (T]) was taken as well. A l l collected soil samples were returned to the 
laboratory and stored in the refrigerator at 4°C after passing 2mm sieve. 
Concentrations of NH4-N and NO3-N were determined colorimetrically after 
extraction of the fresh soil samples in accordance with procedures described in 
Chapter 3. Soil pH was also determined for all Tj samples according to the 
procedures described in Chapter 3. 
4.2.2 Determination o f N mineralization, uptake and leaching loss 
Net N mineralization was calculated as the sum total ofchanges in NH4-N (net 
ammonification) and NO3-N (net nitrification) for each ofthe incubation period. Each 
value represented means of 20 sampling points from each ofthe rehabilitated sites and 
w expressed as pg g"^  day'\ N changes were calculated according to the following 
formulae ofRaison et al. (1987): 
• Net N mineralization O^min) 
ANH4-N = net ammonification during incubation 
= NH4-N(C)-NH4-N (Ti) 
ANO3-N = net nitrification during incubation 
=NO3-N(c) - NO3-N (Ti) 
Nmin = net mineralization during incubation 
二 ANH4-N + ANO3-N 
• N uptake (^ 叩）by vegetation 
NH4-Nup 二 uptake 0fNH4-N during incubation 
=NH4-N(0) - NH4-N (T2) 
NO3-Nup = uptake ofNO3-N during incubation 
=NO3-N(o) - NO3-N (T2) 
Nup = uptake of mineral N during incubation 
=NH4-Nup + NO3-Nup 
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• Leaching loss o f N O i^each) 
NH4-Nieach = leaching loss 0fNH4-N during incubation 
= NH4-N(e)-NH4-N(0) 
NO3-Nieach = leaching loss ofNO3-N during incubation 
=NO3-N(e) - NO3-N (0) 
Nieach = leaching loss of mineral N during incubation 
= NH4-N,each + NO3-N,each 
4.3 Statistical analysis 
Statistical analysis was performed using the statistical package SPSS (for 
Windows). Two-way ANOVA was used to investigate the temporal and spatial 
differences 0fNH4-N and NO3-N. Temporal differences in soil pH in each restored 
site were tested by Duncan's Multiple Range Test. In the calculation of net 
ammonification, nitrification, N mineralization, uptake rates and leaching loss, the 
data for each incubation were pooled in accordance with procedures outlined by 
Raison et al. (1987). Because of this, statistical analysis on the individual rate data 
was not performed. 
4.4 Results 
4.4.1 Temporal variations 0fNH4-N and NO3-N in the rehabilitated sites 
NH4-N concentrations in the rehabilitated sites varied significantly with 
seasons (Table 4.2). In R94 NH4-N amounted to 1.81 jiig g"^  in March, increased 
thereafter and reached a maximum of 16.47 ^ig g'^  in September before declining to 
8.10 ^ig g-i in December. A different pattem was detected in R95, where NH4-N 
averaged 7.88 ^ig g'^  in March. It dropped progressively thereafter to a minimum of 
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1.79 ^ig g-i in July but increased again from August onwards and peaked at 24.16 |ig 
g-i in December. 
Table 4.2 Temporal variations 0fNH4-N and NO3-N in the rehabilitated sites. 
NH4-N (^ig g") NO3-N ( ng g") 
R94 R95 R94 R95 
March 1.81 (2.41) 7.88(10.48) 0.98 (0.59) 0.27 (0.14) 
June 4.67 (4.90) 3.39 (2.55) 0.63 (0.42) 0.05 (0.11) 
July 5.40 (5.99) 1.79(2.89) 0.56 (0.43) 0.06 (0.12) 
August 10.57(3.68) 9.99 (8.97) 10.64 (7.27) 1.02(2.08) 
September 16.47(17.34) 20.20 (11.61) 15.44(10.50) 3.26 (2.65) 
December 8.10(4.19) 24.16(13.00) 16.04(11.47) 5.62 (4.31) 
Values in parenthesis represent standard deviations. 
The temporal variations of NO3-N concentration between the rehabilitated 
sites was similar. In both sites, NO3-N decreased progressively from March and 
reached a minimum in July. It increased progressively thereafter and peaked in 
September and December. Results of Two-way ANOVA found that there were 
significant temporal and spatial variations of NH4-N and NO3-N between the 
rehabilitated sites (Table 4.3). Overall, R95 recorded higher concentrations 0fNH4-N 
than R94 in March, September and December but in June, July and August this trend 
was reversed. For NO3-N concentrations, however, they were significantly higher in 
R94 than R95 through out the study. 
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Table 4.3 Table of analysis of variance summarizing the effects of sampling 
month and spatial difference on concentrations 0fNH4-N and NO3-N. 
Parameter Source of variation df ^ MS F value 
NH4-N Month 5 8362 1672 21 .94* * *~ 
Site (Age) 1 694 694 9.10*** 
Month X Site 5 2546 509 6.68*** 
NO3-N Month 5 4610 ^ 33.82***~~ 
Site (Age) 1 1926 1926 70.65*** 
Month X Site 5 1580 316 11.59*** 
***p<0.001. ‘ ‘ 
4.4.2 Net ammonification, nitrification and N mineralization in the rehabilitated 
sites 
Low ammonification rates were detected in March (0.08 ^ig g"^  day]), June 
(0.02 ^ig g-i day-i) and August (0.07 |ig g ] day.、for R95 (Appendix 4.1). 
Immobilization dominated the rest of the incubation periods and peaked in December 
(-1.42 ^ig g-iday-i). 
The pattem ofammonification in R94 was similar to R95 except a higher rate 
was observed in August (0.50 |ig g"^  day"^). While immobilization was active in 
June, July, September and December, the overall rates were lower than that of R95 
(Figure 4.2a). For instance, immobilization in December (-0.20 ^g g ] day"^) was 
roughly one seventh of its counterpart in R95 (-1.42 ^ig g ] day]). 
Net nitrification in R95 was found in July (0.01 ^ig g ] day") and September 
(0.11 |ig g-i day-i) only. No nitrification was detected in June and August while 
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Figure 4.2 Net ammonification, nitrification and N mineralization ofthe 
rehabilitated sites. Negative values denote immobilization. 
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immobilization dominated the months ofMarch (-0.01 ^g g"^  day"^) and December 
(-0.04 ^igg-iday-i)，respectively (Appendix 4.1). 
Net nitrification was not detected in R94 throughout the study period. 
Immobilization of NO3-N occurred in March, July, August, September and 
December. Peak immobilization was found in September (-0.19 ^ig g'^  day'^). Net 
nitrification of the rehabilitated sites were different from each other (Figure 4.2b). In 
September, R95 experienced peak nitrification while R94 was dominated by peak 
immobilization. 
In short, net N mineralization in the rehabilitated sites followed closely the 
pattem ofnet ammonification (Figure 4.2c). Peak mineralization occurred in August 
for R94, and in March and August for R95. Peak immobilization was detected in 
December for both sites. 
4.4.3 Uptake of mineral N in the rehabilitated sites 
There was no uptake of NH4-N in R94 from March to July (Appendix 4.2). 
Uptake 0fNH4-N increased gradually from 0.03 ^ig g"^  day'^  in August to 0.24 ^ig g"^  
day-i in September and 0.32 ^ig g ] day] in December. 
In R95, uptake of NH4-N decreased from 0.36 ^ig g ] day] in March to 0.08 
|ag g ] day-i in June, followed by no uptake in July (Figure 4.3a). Uptake peaked in 
August (1.18 ^ig g-i day-i) but then decreased steadily through September (0.15 jiig 
g-i day]) to December (0.08 ^ig g ] day"^). 
80 
(a) Uptake of NH4-N 
1.4 -「 
^ ：丨 \ 
\ : k / \ 1 — 4 ] 
=S- ^^^ / V _~• "B"R95 
z 。 2 ^ ^ ^ / ^ ^ ^ t = = = Z Z : ; 
!^ t 0.0 1 1 1 -—I……——h^ '^*"-^ fci.-^ -"^ ^^  ^—•—) 1 1 
2 -0.2 1^ F M A M^^4^^'^J A S 〇 N D 
。4 ^ ^ ^ ^ ^ 
- 0 . 6 丄 
Month 
(b) Uptake of NO3-N 
0 . 3 了 
0.2 / 
l 。 1 / - , ^ ^ _ 
'oi „ „ _^ / / - ^ R94 
0.0 1 1 I _ — — " i - ^ 「 — ^ 7 ^ " " ^ y ^ i +R95 
3 J F M A M J J A\\ S / 0 X D 
r ： X z 
-0.3 丄 
Month 
(c) Uptake of mineral N 
1 . 4 -厂 
\ :: / \ 》：[ - ^ / \ ^ ^ F ^ ^ 
3。2 ^^ - ^ - ^_ / _ V ^ ^ ^ _ ^ t ^ ^ 
— 0.0 1 i 1 1 -^ ^"^^^ ;^_^^^_<<<^^^"---"^^^^^^^^^^^^__^ j^^ _^__^^^ -^:^ _ ] 
0 -0.2 .1- F M A M^^4r-^"J A 9^ 0 N D 
. 。 4 ^ ^ ^ ^ ^ 
-0.6 ^ 
- 0 . 8 丄 
Month 
Figure 4.3 Uptake 0fNH4-N, NO3-N and mineral N in the rehabilitated sites. 
Negative values have no biologial meaning (Nadelhoffer et al. 1984). 
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No uptake ofNO3-N was detected in R94 from March to July, a pattem similar 
to NH4-N. Uptake started in August (0.01 |ag g"^  day」）but was interrupted in 
September before reaching a maximum of 0.24 ^ig g"^  day"^  in December. 
The pattem ofNO3-N uptake in R95 was different from that 0fNH4-N (Figure 
4.3a，b). No uptake was detected from March to September but a small amount of 
0.07 ^ig g-i day-i was recorded in December. 
In short, the uptake pattem of mineral N followed closely that 0fNH4-N in the 
rehabilitated sites (Figure 4.3c). In R94, uptake started in August (0.04 ^ig g"^  day"^), 
increased progressively and peaked in December (0.56 ^g g'^  day"^). Uptake pattem 
of mineral N in R95 exhibited a bimodal pattem, with peaks in March (0.35 fig g"^  
day-i) and August (1.18 |ig g"^  day'^). 
4.4.4 Leaching loss of mineral N in the rehabilitated sites 
Very low or no leaching of NH4-N was detected in R94 and R95. Peak 
leaching occurred in August (0.61 fig g ] day"^) in R94 and in September in R95 (0.11 
^ig g-i day-i). Overall, leaching loss in R94 tended to be more severe than in R95 
(Appendix 4.3). 
Similar leaching pattem of NO3-N was detected from the rehabilitated sites, 
magnitude being much smaller than NH4-N (Figure 4.4a, b). Peak leaching in R94 
and R95 coincided with August (0.07 ^ig g"^  day"^) and September (0.03 ^ig g"^  day"^), 
respectively. 
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Figure 4.4 Leaching loss 0fNH4-N, NO3-N and mineral N from the rehabilitated 
sites. Negative values have no biological meaning fNadelhoffer et al. 
1984). 
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Overall, leaching of mineral N was detected in March, June and August for 
R94 but only in July and September for R95 (Figure 4.4c). Leaching in R94 peaked 
in August (0.68 ^ig g'^  day"^), which was 23 times that of March and June. Peak 
leaching in R95 was detected in September, but the value was only about one-fifth of 
the corresponding value in R94. 
4.5 Discussion 
4.5.1 Nitrogen mineralization in the rehabilitated sites 
Ammonification and nitrification processes were detected in the rehabilitated 
sites. Unlike overseas N mineralization studies which focused on nitrification, this 
study confirmed the predominance of ammonification over nitrification in young 
establishing woodlands. This agrees reasonably well with the findings on new bumt 
grasslands in the local environment (Yau 1996，Marafa 1997) (Table 4.4). However, 
it was in stark contrast to overseas findings that nitrification was characteristic of 
early successional ecosystems (Rice & Paccholy 1972, Bormann & Likens 1979). 
Overall, N mineralization was low in the rehabilitated sites possibly due to a 
lack of substrates for mineralization, as indicated by low levels of SOM (0.34% to 
0.37%) and total N (0.01%), a pattern typical of artificial communities (Marrs & 
Bradshaw 1980, Roberts et al. 1980，Bloomfield et a/.1982). How is the magnitude 
ofmineralization of the borrow area compared to other rehabilitated communities? 
Though a comparison with other studies is fraught with problems including 



























































































































































































































































































































































































































































































































































































































































































































































































































































































































patterns related to the impact of disturbance level can still be generated. After 
restoration of one year (R95), mean peak mineralization rate (0.07 ^ig g"^  day"^) was 
lower than most of the rehabilitated communities of similar age such as the fire 
damaged site (0.37 ^ig g"^  day」）and restored pasture (0.64 jig g」day'^) (Table 4.4). It 
was only comparable to the lignite mine soils (0.09 ^ig g“ day"^) that had been 
restored for one year. 
In the second year of restoration, mean peak mineralization rate (0.46 jiig g ] 
day_i) in the borrow area was comparable to most of the 2-year old communities 
studies dealing with lignite mine soils (0.54 jug g ] day]), mica dam walls (0.44 ^g g ] 
day]) and sand tips (0.34 |ig g'^  day])，but lower than soils of 0.5-year old restored 
pastures (0.64 ^ig g^ day'^) and 2.5-year old abandoned pasture (0.49-5.01 ^ig g"^  
day-i). Why was this the case? 
According to Aber (1993), there are three levels of disturbance in the context 
of ecosystem restoration, namely vegetation disturbance, soil disturbance and soil 
destruction. The severer the destruction, the longer time it takes to restore the 
structure and functions of the derelict landscape. While mineralization rates of the 
borrow area soils were low and comparable to those measured in the mine soils, mica 
dam walls and sand tips, it clearly indicated that these disturbed sites had a harsh 
biophysical environment characterized by soil profile destruction, low levels of SOM, 
nutrient deficiency and strong acidity. Hence, higher mineralization rates were found 
in restored pastures and fire disturbed sites that had been subjected to lower level of 
disturbance. A critical difference was that the soil profile remained largely intact in 
86 
these disturbed pasture sites which facilitated the restoration of soil processes 
including mineralization. Of course, these sites were also richer in SOM and 
nutrients. As a corollary, it is easier to restore sites with vegetation disturbance than 
sites with soil destruction. Greater care and inputs are needed in restoring the borrow 
areas, especially SOM amendment and nutrient replenishment, as discussed in 
Chapter 3. 
On the other hand, while immobilization was rarely detected in overseas 
rehabilitated communities, it was a prominent feature in the local environment and 
increased with the level of disturbance, being higher in the borrow area than in fire-
damaged areas (Yau 1996, Marafa 1997) (see Table 4.4). Such finding implied that 
there was a strong competition for nitrogen between establishing vegetation and 
microorganisms, resulting in nitrogen depletion in the soil. The effect of this on 
growth ofthe rehabilitated communities wi l l be discussed in Chapter 6. Nonetheless, 
nitrogen deficiency has long been considered as an acute problem in ecosystem 
restoration and the problem seems to be severer in Hong Kong than in other parts of 
the world. 
Nitrogen mineralization during the 89-day incubation period was higher in 
R94 (8.26 pg g-i) than in R95 (2.24 pg g^) (Table 4.5). The difference can be 
accounted by slightly higher SOM in R94 than in R95, the substrate for 
mineralization. Canopy closure in R94 also moderates extreme temperature and 
moisture conditions, creating a favourable environment for the growth of 
microorganisms. Indeed, microbial activities assayed under laboratory conditions 
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were more active in R94 than in R95 (see Chapter 5). Nonetheless, peak N 
mineralization occurred in August for both rehabilitated sites, amounting to 0.46 pg 
g-i day-i in R94 and 0.07 ^g g"^  day"^  in R95 (Appendix 4.1). 




Net mineralization (a) 8.26 2.24 
Immobilization (b) 10.06 22.61 
Uptake (c) 9.80 24.50 
Leaching loss (d) 10.36 2.10 
Net change/89 days (a-c-d) -11.90 -24.36 
*Converted from Appendices 4.1, 4.2 & 4.3, in which each rate value was multiplied by the number of 
days for a particular incubation (see Table 4.1). Immobilization values were excluded in the estimate 
o fne t N change during the whole incubation period of 89 days. 
Ross et aL (1990) found that during the first few years of soil restoration, rates 
of nitrogen mineralization depend on substrate supply, as well as the size of the 
microbial populations. While August is the growing season for both plants and soil 
microbes, enormous supply of organic matter in the forms of dead root materials and 
microbial cells, organic exudates and other metabolic products was readily available 
for mineralization (Dendooven et aL 1995). After a prolonged dry period, the 
resumption of moister environment and higher soil temperature in summer favour 
microbial growth. Studies by Nadelhoffer et aL (1984), Vitousek and Matson (1984) 
and Adams and Attiwil l (1986) also reported peak N mineralization rates during the 
growing seasons. 
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In addition, fertilizer was added to the rehabilitated sites in May. Soil 
microbes could have immobilized some of the fertilizer N and remineralization ofthe 
microbial biomass could result in increased amount of mineralized nitrogen in 
subsequent months of incubation (Jenkinson et al. 1985), as evidenced by the 
occurrence of peak N mineralization in August. 
Though there was increased production of litter in December, no 
mineralization was detected in R94 and R95. This was possibly due to a shortage of 
readily decomposable organic material (Dendooven et al. 1995) since fresh plant 
material had to be partly humified before mineral N could be released (Bemhard-
Reversat 1982). Upon exhaustion of easily decomposed organic matter in August, 
only more recalcitrant organic matter was left behind. 
Nitrogen immobilization was more active during the 89-day incubation period 
in R95 (22.61 ug g^) than in R94 (10.06 pg g"^) (see Table 4.5). Immobilization was 
most prominent in December for both sites, averaging 0.36 pg g"^  day'^ in R94 and 
1.46 pg g-i day-i in R95 (Appendix 4.1). Why was immobilization more active in 
R95 than in R94 in this month? We believe the addition of litter substrate with wide 
C:N ratio is the primary cause for prominent immobilization in R95. Since the ground 
cover of R95 is more grassy than R94, there is an enormous addition of grass litter in 
the winter month of December. Grass litter has a wide C:N ratio, the decomposition 
of which by microorganisms necessitates the uptake of mineral nitrogen from the soil. 
This is confirmed by the increase of C:N ratio from 15 in March to 25 in December in 
the R95 site while that of R94 remained fairly constant throughout the study period 
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(16 in March and 17 in December). A C:N ratio greater than 20 (Barber 1995) or 25 
(Paul & Juma 1981) suggests the likely occurrence of immobilization in the soil. 
Why was a lower C:N ratio detected in March in R95? The additions of 
fertilizers and organic additions during the first year of reclamation could be the 
contributory factor. Nitrogen became more limiting when the effects of fertilizers and 
organic additions diminished, giving a higher C:N ratio in December. Similar 
findings were reported by Insam and Haselwandter (1989). 
While immobilization and uptake of mineral N were equally prominent in 
December, wi l l competition of the soil microorganisms affect the growth ofthe trees? 
This wi l l be discussed in greater details in Chapter 6. Moreover，given the high 
immobilization and uptake rates in December in both sites, gross N mineralization 
could be high in December. Following this, immobilization was also detected in June, 
July and September for R94 and in July and September for R95, accompanied by nil 
to low uptake rates (Appendices 4.1 & 4.2). Hence competition for nitrogen between 
trees and soil microbes could be more serious during these months. Where comes the 
nitrogen needed for growth? This wi l l be discussed in the next section. 
Investigation of the nitrogen processes in the rehabilitated sites revealed that 
ammonification and nitrification were not affected by soil acidity since both processes 
were detected in the acidic reclaimed soils. For instance, peak ammonification 
occurred in August when the soil pH was as low as 3.45. Similarly, peak nitrification 
coincided with September when soil pH was 4.33 (Table 4.6 & Appendix 4.1). 
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Table 4.6 Change of soil pH during incubation. 
Soil pH 
^ ^ 
March 4.28' (0.18) 4.86'^0.51) 
June 4.47^0.27) 4.9 l '^0.26) 
M y 4 . l f ( 0 .24 ) 5.00^0.36) 
August 3.45d(O.i7) 4.83ab(O.i3) 
September 4.33'^0.16) 4.33'(0.31) 
December 4.34'\0.23) 4.73'(0.14) 
Values in parenthesis represent standard deviations. 
For each column, values sharing the same letter denote no significant difference at 
the p<0.05 level by Duncan's Multiple Range Test. 
It is believed that soil acidity is not detrimental to ammonification and 
nitrification in the restored granitic soils since both processes could proceed in the 
acidic environment. Though optimum pH for ammonification was about 6.0 - 6.5 
(Carter 1985，Ghosh et al 1990, Yau 1996, Marafa 1997), acid-tolerant species could 
be present in the soil, converting organic nitrogen to ammonium nitrogen. Similarly, 
while nitrification preferred a pH range of 5.5-6.5 (Alexander 1980, Skeffington & 
Bradshaw 1982, Marafa 1997), the rehabilitated sites could be dominated by 
heterotrophic nitrifiers tolerant of low pH conditions (Duggin et al. 1991). Perssen 
and Wiren (1995) observed an abrupt increase in nitrification from 0% in soils o f p H 
3.95 to 100% when the pH increased to 4.00. They suggested a critical soil pH below 
which no nitrification would proceed. Unfortunately, the design of the present 
experiment does not permit me to investigate this. 
Lastly, it should be remembered that the measured values were net values 
only. I fwe take into account the NH4-N and NO3-N taken up by plants, immobilized 
by soil microorganisms, lost via leaching and converted to nitrate, the gross rates of 
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ammonification and nitrification in R94 should be greater than in R95. This is not 
unexpected because canopy closure in R94 not only produced more litter materials 
than R95 but also moderated the extreme microclimate conditions. 
4.5.2 Uptake of mineral nitrogen in the newly rehabilitated sites 
The overall uptake of mineral N in R95 during the 89-day incubation period 
(24.50 ^ig g-i) was greater than R94 (9.80 ^ig g^) partly because of a higher demand 
for mineral N for growth before crown closure (see Table 4.5). It has been reported 
that retranslocation supplied 50% nitrogen and 68% of potassium for new growth in 
old stands, as against 16% and 24%, respectively, in the young stand (Miller 1995). 
Hence the vegetation would be actively exploiting nutrients from the soil 
compartment during their early years of growth. However, while increments in 
height, stem basal diameter and crown cover were larger in R94 than in R95 (see 
Chapter 6), was the 2-year old community (R94) less demanding for N supply than 
the 1-year old (R95) counterpart and i f not, what were the other sources ofmineral N? 
Uptake of mineral N in R95 peaked in August (1.18 ^g g ] day"^) which was 
the active growing season and plant roots were extracting nutrients directly or via 
mycorrhizal hyphae from soils (Tamm 1991). Owing to greater dominance of 
hydroseeded grass cover in R95, there was a concentration of grass roots near the 
surface soil which facilitated the uptake of plant nutrients. With the development of 
deeper root systems in R94, nutrients could have been extracted from deeper soil 
horizon which was not estimated in the incubation experiment. 
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The uptake pattem of R94 was completely different from that of R95, without 
any measurable uptake from March through July (Appendix 4.2). However, it 
increased progressively from August (0.04 ^ig g ] day」) and peaked in December 
(0.56 |Lig g-i day-i)，which was not the normal growing season in Hong Kong. Why 
was this the case? Primarily, peak mineralization occurred in August and hence more 
mineralized N was available for plant uptake. On the other hand, the growing season 
of June and July is dominated by immobilization (Appendix 4.1). There is strong 
competition for mineral nitrogen by the soil microbes and hence no measurable uptake 
is detected in these two months. Besides, we should remember that the measured 
values were net values only. A low net uptake value did not necessarily imply a low 
gross uptake rate, but rather there were other sources of available N to meet the 
demand. What are the other pathways of plant uptake? 
These include fertilization, symbiotic N fixation in legumes and N-fixing 
plants, fixation by free-living organisms (Cole 1995), crown leaching, throughfall and 
stemflow (Miller et al. 1976, Lovett & Lindberg 1984), uptake from deeper soil 
horizons (Perssen & Wir6n 1995) and retranslocation of plant N to plant biomass 
before leaf shedding (Kendle & Bradshaw 1992, Miller 1995). Owing to time 
constraints, these pathways were not investigated in the present study. Besides, was 
there really no uptake of mineral N in July in the two rehabilitated sites? 
The two rehabilitated sites are dominated by nitrogen-fixing legumes (Acacia 
confusa, Acacia auriculiformis and Acacia mangium) and nitrogen-fixing non-
legumes {Casuarina equisetifolia). N fixation by symbiotic microorganisms had been 
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reported to be most effective in supplying available N for plant growth particularly 
during early stages of primary succession and reclamation (Skeffington & Bmdshaw 
1980, Jefferies et aL 1981 a & b，Tamm 1991, Kendle & Bradshaw 1992). For 
instance, 52-66% of the total plant nitrogen of Acacia auriculiformis and Acacia 
mangium and 39-55% of Casuarina equisetifolia are fixed by nodules, while the rest 
is taken up from the mineral soil (Giller & Wilson 1991). 
In fact, nodulation and nitrogenase activities were seasonal in nature. The 
nodules were most active from spring onwards and ruptured in cool dry winters. 
Hence fixed N could be the dominant form of uptake by vegetation in June and July, 
which was the peak season for nitrogenase activities (Srivastava & Ambasht 1995). 
However, in spring, autumn and winter, soil N would then replace fixed N as the 
major source of supply owing to gradual lysis of nodules during this period (Figure 
4.3c). Following this, the seasonal pattem of uptake for R95 was less conspicuous 
compared to R94. This implied that the vegetation in R95 had not fully established 
the structure and mechanism required for nodulation and nitrogen fixation (Ovalle et 
a l 1995) and it had to depend on soil N as the major source of uptake. Indeed, 
nodulation and nitrogenase activities deserve further study, especially their seasonal 
variations and impact on N supply to the restored vegetation. 
Why were the uptake rates of mineral N higher in September and December in 
R94 than in R95? While immobilization of mineral N during this period was more 
prominent in R95, there was less nitrogen available for plant uptake. Moreover, while 
R95 was more grassy than R94, a large portion of the grasses in R95 became dormant 
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from autumn onwards, resulting in a lower uptake rate. In addition, inherent demand 
ofR94 in these two months could be greater than R95 too. 
December was the only month when uptake of mineral N was detected in both 
rehabilitated sites (Figure 4.3a, b). As plant roots are sensitive to low water potential 
in the dry season, uptake of nutrients is expected to decrease. Why was uptake of 
mineral N detected in December? 
It is believed that N uptake could be achieved by mycorrhizal fungi whose 
contribution was particularly significant in nutrient-poor conditions by increasing the 
specific absorption rate of the root (Bowen & Smith 1981) and improving the water 
relations of their hosts (Miller 1993，Marschner & Dell 1994). While NH4-N was 
usually the preferred N source, several mycorrhizal fungi can also absorb NO3-N and 
simple organic N compounds (Bowen & Smith 1981). Hence uptake ofboth forms of 
mineral N was detected in December although NH4-N was preferred to NO3-N. 
The proportions of NO3-N taken up by plants was highest in December for 
both sites (Appendix 4.2). It accounted for 42.8% and 46.7% of the total mineral 
nitrogen absorbed in R94 and R95, respectively. Conversely, the element contributed 
nil to negligible proportions of the total for rest of the months. This is mainly because 
less leaching of this mobile element was encountered in the dry season. As a 
corollary, NO3-N absorption by the restored vegetation is concentration-dependent. 
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4.5.3 Leaching loss and mechanisms to conserve mineral nitrogen in newly 
rehabilitated sites 
Overall, leaching loss of mineral N during the 89-day incubation period was 5 
times higher in R94 than in R95 (see Table 4.5) and this was out of our expectation 
since soils of the former should be better protected from leaching by more developed 
tree canopies. While replacement of forest ecosystems by pasture plants increased 
leaching loss due to a reduced water uptake (Crawford et al. 1995), water utilization 
by vegetation in R94 should be greater resulting in less water to leach the nutrients. It 
is believed that ammonium and nitrate ions were more firmly held by the extensive 
network of grass roots in R95, thus reducing leaching loss from the soils. 
Hydroseeding is thus an effective measure in conserving mineral N for the 
establishment of tree species on disturbed sites. Moreover, vegetation in R94 had 
deeper roots which impose a higher risk of leaching while a slightly steeper gradient 
could also be a contributory factor. 
Leaching loss of mineral N peaked in August in R94 (0.68 pg g ] day]) and in 
September (0.14 ^g g"^  day"^) in R95 which are the rainy seasons in Hong Kong. It 
occurred mainly under conditions when net mineralization was most active. This was 
expected since larger mineralized pools of mineral N were more vulnerable to 
leaching loss than smaller pools. Besides, leaching of mineral N was not related to 
rainfall intensity because nil to very low rates of leaching was detected in June when 
rainfall intensity was high (see Table 4.1). It is not known i f there existed a dilution 
effect of mineral N during persistent rains. 
96 
Although the mobility of nitrate ion was higher than ammonium ion (Mroz et 
al. 1980, Federer 1983), leaching loss 0fNH4-N was severer in our study possibly due 
to a comparatively smaller pool of nitrate ions in the soils (Figure 4.4a, b). 
While leaching is a process that removes nitrogen from the soils (Raison et aL 
1993), the element can also be lost from the ecosystem via gasification (Binkley & 
Christensen 1992), denitrification (Tamm 1991) and surface runoff (Debano & 
Conrad 1978). Coupled with the fact that N is the most limiting nutrient for plant 
growth and has long been a critical factor for vegetation establishment on derelict land 
(Aber 1993)，are there any mechanisms to conserve this element in the newly 
rehabilitated communities? 
Results ofthe present experiment reviewed that several mechanisms interacted 
\J 
together to retain nitrogen in the newly restored ecosystems. First, ammonification 
was the dominant process in the granitic soils, accompanied by nil (R94) to low 
nitrification activities (0.12 ^ig g"^  day"^ in R95). On the other hand, NH4-N was 
preferred to NO3-N as the dominant form of uptake in the R94 and R95 sites (see 
Appendix 4.2). Were these not effective mechanisms that could lower the risk of 
leaching by decreasing the potential pools of mobile nitrate ions? 
In addition to this, the newly restored ecosystems are characterized by active 
immobilization and uptake which help to retain mineral nitrogen either in the 
microbial or plant biomass. They are essential processes to prevent the loss of 
mineralized N from a disturbed site (Vitousek & Matson 1984，1985). 
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4.6 Conclusion 
From the results of the present experiment, the following conclusions can be 
summarized: 
1. Ammonification and nitrification were detected in the rehabilitated sites. 
Nitrogen mineralization followed closely the pattem of ammonification, suggesting 
ammonification was the dominant nitrogen process. Net mineralization was higher in 
R94 (8.26 pg g-i) than in R95 (2.24 pg g"^) during the 89-day incubation period. 
In R94 ammonification peaked at 0.50 pg g ] day] in August, but dropped to 0.14 pg 
g-i day-i in March. Immobilization of NH4-N dominated rest of the months, being 
most active in December (-0.20 ]jig g^ day"^). Lower ammonification rates (0.02-0.08 
Vig g-i day-i) were detected in R95 where immobilization also peaked in December 
(-1.42 pg g-i day-i). 
While nitrification was not detected in R94, immobilization of NO3-N was active in 
September (-0.19 pg g'^  day]) and December (-0.16 pg g" day"^). Nitrification was 
not detected in R95 from March to August but peak rate occurred in September (0.11 
Ug g-i day-i) while immobilization was active in December (-0.04 pg g ] day"^). 
2. Plants preferred NH4-N to NO3-N and uptake of mineral N was higher in R95 
(24.50 ]jig g-i) than in R94 (9.80 pg g^) during the 89-day incubation period. 
In R94, there was no uptake of mineral N from March to July; instead uptake started 
in August and peaked in December (0.56 pg g"^  day"^). A less discernible pattem was 
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found for R95, where uptake was more evenly spread out in March, June, August and 
December. 
3. Leaching loss 0fNH4-N and NO3-N was detected in both sites and overall loss 
of mineral N was higher in R94 (10.36 pg g ] ) than in R95 (2.10 pg g“）during the 89-
day incubation period. Peak loss of mineral N occurred in August (0.68 pg g"' day"^) 
for R94 and in September (0.14 pg g"' day"^) for R95. It was not serious in June, the 
wettest month within the study period. 
4. Several mechanisms acted together to retain nitrogen in the newly rehabilitated 
communities，including the predominance of ammonification over nitrification, 




SOIL RESPIRATION IN THE NEWLY REHABILITATED COMMUNITIES 
5.1 Introduction 
Land degradation usually leads to deterioration of both chemical and physical 
properties of soils, accompanied by a modified soil biota (Bradshaw & Chadwick 
1980，Harris & Hi l l 1995). While most restoration studies focus on changes of the 
former two characteristics with time, succession of soil biota is often overlooked. 
Soil microbes are responsible for the decomposition of organic matter (Lynch 
& Bragg 1985, Roper & Gupta 1995), inorganic transformations during nutrient 
cycling (Coleman et aL 1988, Gallardo & Schlesinger 1994), nitrogen fixation (Ewel 
1987, Tamm 1991) and maintenance of soil structure (Chaney & Swift 1986). 
Besides, microbial biomass acts both as a source and a sink of nutrients in dry tropical 
forest, temperate and savanna ecosystems (Singh et aL 1989, Raghbubanshi et aL 
1990, Ding et aL 1992, Srivastava 1992, Diaz-Ravina et aL 1995). The turnover of 
nitrogen from dead microbial cells was about five times that from native soil organic 
matter (Clarholm 1985, Singh et aL 1989). A study on mineralization of nutrients 
from soil microbial biomass revealed that 77% and 55% of the N mineralized after 
remoistening and incubating at 22°C for 4 weeks came from the freshly-killed 
biomass (Marumoto et aL 1982). Hence, microbial cells contributed to the pool of 
mobile plant nutrients in soils. Restoration of soil microbes is particularly critical to 
establishment of vegetation during the first few years when plant growth is limited by 
the nutrients released from litter breakdown. Some 70-85% of the annual growth 
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requirement of N，P，K , Ca and Mg is supplied through decomposition during the 
development of a temperate deciduous forest (Schlesinger 1991，quoted in Harris & 
Hi l l 1995). In contrast, Miller (1995) reported that nutrient demands prior to crown 
closure was related to plant physiology, not to biotic cycling. In a subtropical 
environment like Hong Kong, what role does the soil biota play in supplying nutrients 
to the restored vegetation communities? To what extent is the soil biota damaged by 
the excavation activities? Are they restored in relatively young plantations and to 
what extent? Thus, apart from investigating soil chemical changes in this research, 
soil respiration is also examined to ascertain i f the microbial population is restored in 
the newly planted sites. 
Soil respiration represents the sum total of all soil metabolic functions in 
which carbon dioxide is produced (Harris 1988). It includes respiration from soil 
fauna and microbes, root activities and the nonbiological process, i.e. chemical 
oxidation which may be particularly pronounced at high temperatures (Bunt & Rovira 
1954). Among these sources, respiration of the soil microbes is dominant in total soil 
respiration (Raich & Schlesinger 1992). For instance, soil microbial activity in an old 
field accounted for 67-80% of the total soil respiration (Coleman 1973). Thus 
changes in soil respiration are a direct indicator of the activity of soil microbes 
(Gallardo & Schlesinger 1994). 
Carbon dioxide production is positively correlated with soil organic matter 
(Van Cleve & Moore 1978，Diaz-Ravina et al. 1988, Joergensen et al. 1990). As 
there is limited amount of litterfall during early plant growth, it is doubtful i f 
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microbes wi l l establish in the soil. Thus the magnitude of microbial activities in new 
plantations is anybody's guess. 
Soil respiration is also found to vary with soil texture. Fine texture would 
result in excessive water retention or the micropores of fine-textured soils protect their 
organic matter from microbial attacks, resulting in low CO2 production (Adu & Oades 
1978; Anderson & Paul 1984). However, Groffman et al. (1996) found that the rate of 
soil respiration for loamy sand (48 mg C kg'^ day"^) was significantly lower than silt 
loam (66 mg C kg"^ day"^). Similarly, the rate of CO2 evolution was lower in sandy 
field soils (3.3 kg ha'^  day"^) than in clay loam field soils (6.2 kg ha"^  day"^) 
(Kowalenko et al 1978). Indeed, the effects of clay minerals on microbial respiration 
are very complicated. While addition of small amounts of clay stimulates the 
respiration of fungi, increasing the amount to greater than 4% yielded the opposite 
effect (Roberts & Chenu 1992). Wil l the use of sandy soil as capping f i l l in Hong 
Kong favour or hinder the succession of soil microbes? 
Environmental factors, in particular soil temperature and moisture, also affect 
CO2 production. Rates of CO2 evolution were highly correlated with either the 
temperature of the surface soil (Kucera & Kirkham 1971), ambient temperature 
(Kowalenko et al. 1978) or the soil temperature (Mathes and Schriefer 1985). 
However, a negative correlation of soil respiration with air temperature was also 
reported (Insam 1990). For the cooler climates soil respiration was approximately 0.3 
mg CO2 g-i h_i as compared to 0.1 mg CO2 g"^  h"^  for the warmer climates. On the 
other hand, a 240-day incubation study on grassland soil found that specific death 
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rates (i.e. the fraction of biomass dying per unit time) of microbial biomass were 
0.0072, 0.016 and 0.25 day ' at 15, 25 and 35。C，respectively. The corresponding 
biomass turnover time was 139, 62 and 4 days, assuming steady state biomass. In 
spite of an increase in the substrate release rate, the specific death rate increased even 
more (Joergensen et al. 1990). 
There is a general correlation between water potential and the activity of 
microbes. Maximum rates of microbial respiration occur at -0.3 to -0.01 MPa i.e. 10-
35%, or 60% of the water holding capacity of the soil. Within the range of -0.03 to -
1.5 MPa, the activity of microorganisms decreases linearly with the water potential, 
but becomes suppressed below -10 MPa (Roberts & Chenu 1992). Respiration 
increased after rewetting of air dried samples (West et al. 1992). However, the 
correlation of CO2 evolution with field moisture was low and consistently negative 
(Kowalenko et aL 1978) while Insam (1990) reported a strong negative correlation of 
soil respiration with mean annual precipitation. Is moisture availability a limiting 
factor to succession of soil microbes in newly restored ecosystem? While soil 
moisture supply is most critical to the survival and growth of seedlings during the 
first few growing seasons (Spittlehouse & Ghilds 1990), wi l l there be a strong 
competition for moisture between soil microorganisms and seedlings? 
When the crown of a rehabilitated community closes up, there are less 
fluctuations in soil temperature and moisture (Boring et al. 1988, Aust & Lea 1991). 
How wi l l microbial activities change with canopy development of the vegetation? 
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Though soil biota plays an important role in early vegetation establishment, 
there are few studies relating this component to ecosystem restoration. Instead, soil 
respiration studies on different habitats have been widely documented (Singh & Gupta 
1977). One good example is the study on five different tropical vegetation types by 
Schulze (1967). Respiration rates averaged 300-400 mg CO2 m^ h ] in the savanna 
and the deciduous forest, 1,000-2,000 mg CO2 m"^  h ] in the gallery forest and the wet 
2 1 
forest, and 2,556 mg CO2 m" h “ in the young secondary growth vegetation. The 
mean soil respiration rate of a warm temperate deciduous forest was 669 g CO2 
m'2 y -1 (Gallardo & Schlesinger 1994). 
In South China, Ding et al. (1992) compared CO2 production of an eroded area 
against six reforestation sites (three Eucalyptus exserta forests, one mixed forest with 
and without legumes, one secondary monsoon forest) at Xiaoliang. The rate of soil 
respiration was lowest in the eroded area (0.13 ^ig CO2 g ] h'^) and significantly higher 
in the mixed forest (0.72 ^ig CO2 g'^  h"^) than in the E. exserta forest (0.34 ^g CO2 g"^  
h_i). While the youngest site has been restored for 14 years, there is virtually no study 
on respiration of a newly rehabilitated site. 
Similarly, soil respiration of the four secondary successional stages fallow-
field-meadow-forest increased from 19土9 ^g CO2-C g'^  to 30±24 ^ig CO2-C g'^  
(Santruckova and Straskraba 1991). While the study was carried out in the temperate 
region and the soils under study are of cambisol type, the results are not transferable 
to granitic soils in a subtropical environment like Hong Kong. 
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While most ecosystem restoration studies focus on changes in chemical 
properties ofsoils, changes in soil microbiological activities have been overlooked. In 
order to bridge the gap of information on microbial activities during early ecosystem 
restoration, the present experiment investigates soil respiration of the two rehabilitated 
sites. The results are compared with that of a nearby secondary Pinus massoniana 
woodland and a bare soil. The broad objective of this experiment is to assess 
microbial activities in the reclaimed soils and findings from this experiment wi l l 
provide answers to the following specific questions: 
1. What are the inherent microbial activities of a newly excavated soil (BS) in Hong 
Kong? 
2. What effects do the young plantations have on the microbial activities of the 
reclaimed soils? 
3. Are there any differences in microbial activities between the one-year old 
rehabilitated site (R95) and the 2-year old rehabilitated site (R94)? 
4. How are the microbial activities of the rehabilitated sites compared with that of 
the secondary Pinus massoniana (PW) woodland? 
5.2 Methodology 
The experiment was conducted in the laboratory. Soil samples were collected 
from the BS, R95, R94 and PW sites in July, 1996. From each of the 4 sites, 8 
composite samples, each containing 3 sub-samples were collected randomly at 0-10 
cm depth. The samples were homogenized thoroughly and kept at 4°C in a 
refrigerator. The moisture content of each sample was determined gravimetrically. 
200 g of sieved 2 mm fresh soil was weighed and placed in a 500 ml conical flask. 
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The moisture content was adjusted to field capacity with distilled water, which was 
40% for granitic soils、 
A simple respirometer was set up similar to that of Wong & Wong (1986). 
10ml of \M KOH contained in a small specimen tube was used to absorb CO2 
produced during the incubation period. It was hung inside the conical flask using a 
thin cotton thread. The respirometer was then tightly capped with a rubber stopper. 
The flasks were then incubated at 28。C, 12 hours each in light and dark conditions. 
Each treatment was replicated 8 times. Three blanks were also prepared. 
Measurement was done on the 1st, 2nd, 4th，7th, 13th，22nd and 32nd day of 
incubation. KOH was removed from the specimen tube and evolved CO2 was 
precipitated using 10 ml of lMBaCl2. Excess KOH was titrated with O.lMHCl. The 
specimen tube was recharged with new KOH and put back into the conical flask to 
measure CO2 evolution on the following day. Daily release of CO2 (pg CO2 g ! day"^) 
was calculated according to a formula modified from Wong & Wong (1986): 
mO(B-V)N-D-E 
2 = ^ 胁 5.1) 
where B is the amount of HC1 used to titrate the blank, expressed in cm^; V is the 
amount of HC1 used to titrate the excess alkali in the specimen tube after precipitation 
of the trapped CO2 with BaCl2, expressed in cm^; N is the normality of acid; D is the 
1 Based on a separate study conducted 2 km west of the present study area (Fung 1995). Fung's study 
area was also underlain by granite, but separately vegetated with Acacia confusa, Acacia mangium and 
Acacia auriculiformis. 
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dilution factor; E is the equivalent weight of CO2, expressed in g; W is the weight of 
soil, expressed in g; and Y is the number of days of incubation. 
5.3 Statistical analysis 
Statistical analysis was performed by using the statistical package SPSS (for 
Windows). The inter-site differences of daily and cumulative CO2 production were 
tested by Duncan's Multiple Range Test at confidence level of p<0.05, unless 
otherwise specified. 
5.4 Results 
Daily production of CO2during incubation decreased in the order ofPW > R94 
> R95 > BS (Figure 5.1). Maximum production was found on the 1st day of 
incubation except in R95, which fell on the 2nd day. Evolution from most sites 
dropped on the 2nd day of incubation and the magnitude of decrease was 21% for 
PW, 44% for R94 and 58% for BS. Similarly, R95 experienced a decrease of61% in 
CO2 production on Day 4 after its peak production on Day 2. The evolution from all 
sites continued to drop until the 4th day but increased again to give a second but lower 
peak on the 7th day. A decrease of 6%, 23% and 76% was detected between the two 
peaks for PW，R95 and BS respectively. For R94, however, the second peak was 
detected on the 14th day of incubation and was 37% lower than the first peak. CO2 
production of all sites declined thereafter and stabilized on the 22nd day. 
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Figure 5.1 Daily production of CO2. 
Statistically, daily CO2 evolution of the PW samples was highest among the 
soils investigated and R94 was likewisely significantly greater than BS (see Appendix 
5.1). CO2 production of R95 surpassed that o fBS on Day 13 and Day 22 ^><0.05). 
Though CO2 evolution of the two rehabilitated sites was not statistically different, R94 
produced marginally more CO2 than R95. 
Cumulative CO2 production followed closely the pattem of daily production 
(Figure 5.2). Over 50% of the total CO2 was produced during the first week of 
incubation. Cumulative CO2 production of PW was significantly greater than the 
other sites from Day 2 onwards (see Appendix 5.2). Though there was no significant 
difference in cumulative CO2 production between the two newly rehabilitated sites, 
the total amount evolved in R94 was greater than in R95. Sites R94 and R95 
produced significantly more CO2 than BS from the 22nd day onwards. 
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Figure 5.2 Cumulative production of CO2. 
5.5 Discussion 
5.5.1 Inherent microbial activities ofthe newly excavated soil 
Lowest CO2 production was detected on the soil of the excavated site 
throughout the incubation period, cumulative production being 31% that of PW. This 
indicated that microbial activities are least active in this bare soil awaiting restoration. 
This is not surprising since the site is dominated by subsurface soil deficient in 
organic matter which is the energy source for microbial growth and activities (Harris 
1988). The bare soil contained only 0.18% SOM against 0.37% for R94, 0.34% for 
R95 and 3.61% for PW. Apart from quantity, the quality of soil organic matter is 
equally important in affecting the vigor of soil microbes (Diaz-Ravina et al. 1988). 
With an organic matter content of 0.34%, CO2 production from eroded granitic soils 
in tropical China amounted to 3.12 ^ig g"^  day"^  which was much lower than the 
value of 50 ^g g"^  day'^  obtained on Day 1 from our study (Ding et al. 1992). 
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Because the granitic soil has been eroded for more than 100 years, most of the 
organic matter found is old, biologically inert and resistant to microbial utilization. 
Besides, subsurface soil is also deprived of plant roots and microorganisms. 
Root biomass provides a direct input of organic matter and mineral nutrients through 
exudation and sloughing (Srivastava & Singh 1991). Soil microorganisms were also 
an important labile source of C and plant nutrients (Anderson & Domsch 1980). 
Because input of organic matter was lowest in the bare soil, CO2 production was 
suppressed. This is further ascertained by Singh and Gupta (1977) who reported that 
bulk volume of plant roots and bacteria were found to be concentrated on the surface 
0-10 cm depth of soil and CO2 production would decrease with soil depth. Similarly, 
CO2 production was found to be lowest on sites where the top 20 cm soil had been 
removed (Ross et al. 1982). 
With a low input of organic matter in the bare soil, the microbial biomass 
might be dominated by aged cells, giving a lower than average respiratory activity 
(Anderson & Domsch 1978). 
5.5.2 Effects ofyoung plantations on soil respiration 
The amount of CO2 produced from the rehabilitated sites lies between that of 
BS and PW. This clearly indicates a gradual build-up of microbiological activities in 
ecosystem restoration. While total CO2 production was not significantly different from 
each other (239 ^ig g"^  in R94; 188 ^ig g^ in R95) (p>0.05), they were significantly 
greater than that ofBs (112 ^ig g ] ) (p<0.05) (see Appendix 5.2). The increased CO2 
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production was attributed to an increased soil organic matter content in the 
rehabilitated sites. As the primary respiratory substrate for microbial activities (Wong 
& Wong 1986), organic matter is also needed during early restoration for other 
reasons. Apart from stabilising soil structures, it also encourages the establishment of 
earthworms and other invertebrates and initiates decomposer activities (Harris & Hi l l 
1995). Hence, it is a common practice to add organic matter in the form of sewage 
sludge, sawdust, straw mulch or green manure in overseas restoration works to restore 
biotic activities (Bradshaw & Chadwick 1980). In the local environment, soil organic 
conditioners are used instead. 
The establishment of a hydroseeded cover before tree planting had dual effects 
on the soil. First, it not only provides a rich supply of organic matter upon death but 
also secretes carbohydrates, vitamins and amino acids into the rhizosphere (Lynch & 
Bragg 1985). These organic substances serve as a source of energy and nutrients for 
the soil microorganisms. Indeed, soil microbial activity was found to increase linearly 
with grass composition (Biondini et al 1985) while an increase in bacterial numbers 
by as much as 20 times was not uncommon (Katznelson 1965). Second, as the very 
first vegetative cover of the slope, it moderates extreme temperature and moisture 
conditions. This wil l create a more favourable environment for growth of the soil 
microorganisms (Fisher 1995). Following this, CO2 production in the newly 
rehabilitated communities is subjected to the combined influence ofgrasses and trees. 
Under the existing design of the experiment, however, it is impossible to differentiate 
their impacts. 
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Similar studies on soil respiration of restored granitic soils are absent in the 
literature. It is clearly shown in the findings that CO2 production tends to increase 
with successional development of the vegetation. For instance, it increased from 112 
Hg g ] in the bare soil (BS) to 188 ^ig g" in R95, 239 ^ig g」in R94 and 359 jiig g ] in 
Pw (see Appendix 5.2). This increase of CO2 production during the early stage of 
restoration agrees reasonably well with that of a reclaimed rubble dump (Mathes & 
Schriefer 1985). The rubble dump was reclaimed with Lotus corniculatus which was 
mown regularly. Carbon dioxide production during the first 3 years increased steadily 
from 120 mg m"^ h"^  to 160 mg m"^ h ] and 270 mg m'^ h ] Although no two sites are 
identical, microbial activities definitely increase with age of the rehabilitated 
communities. Indeed, the soil environment wi l l improve further due to shade effect 
arising from canopy closure. The next question then arises: Were the microbial 
activities different between R94 and R95? 
Both sites exhibited a bimodal pattem in daily CO2 production; however the 
pattem of release is quite different during the first two weeks of incubation (Figure 
5.1). First, the overall CO2 production was greater in R94 than in R95. Second, CO2 
production on Day 1 in R94 nearly doubled that in R95. Third, the first and second 
peak of CO2 production fell on Day 1 and Day 14，respectively, for R94 but on Day 
2 and Day 7, respectively, for R95. 
In most cases, the rate of CO2 production from mixed microbial populations 
had two peaks. The major peak occurs between the 2nd and 5th days of incubation 
while the second minor peak occurs after 8 or 9 days of incubation (Adu and Oades 
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1978). Hence, the bimodal pattern obtained in R94 and R95 implied that CO2 
production was dominated by at least two kinds of microorganisms, each different in 
size and type. Besides, the quality of the respiratory substrates may be different 
between R94 and R95. 
Why were the first and second peak of CO2 production in R94 greater than 
R95? There are several possibilities accounting for this discrepancy. First, there are 
more microorganisms in R94 resulting in higher CO2 production. Second, there are 
more organic matter for decomposition. Third, the respiratory substrates are easier to 
decompose in R94 than in R95 and fourth, decomposition is more efficient in R94 
too. When the C:N ratio of soils in R94 (16.2) is compared with that ofR95 (14.6), 
all these factors are probable because a C:N ratio greater than 14 is a strong indicator 
that the soil contains much partially decomposed plant materials (Jenkinson 1988). 
No attempt was made in the present study to investigate the amount and types of 
microbial populations and nature of the respiratory substrates. Indeed, little is known 
ofmicrobial succession during the early stages of ecosystem restoration. 
Lowest CO2 production on the 4th day of incubation indicates that the 
respiratory substrate has been exhausted by the microorganisms. The occurrence o f a 
second minor peak implied that another kind of microorganisms had utilized the dead 
microbial cells and their metabolic products (Adu & Oades 1978). This is known as 
remineralization. It was reported that dead microbial biomass had the same 
stimulatory effect on respiration as glucose, and was probably the most labile organic 
matter fraction (Jenkinson & Ladd 1981). Upon exhaustion ofthis energy source, the 
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microbial activity decreased again, resulting in a decline in CO2 production when 
carbon-containing substrate was not replenished. 
Why did the decline of CO2 production started on Day 7 for R95 and Day 14 
for R94? There was possibly a richer reserve ofdead microbial cells for utilization in 
R94 than in R95. On the other hand, the soil microbes in R94 required a longer 
adaptation period to regain vigor (Wong & Wong 1986). This further proves that the 
size and nature of soil microorganisms in R94 is different from that in R95. 
In short, there could be a larger, more diversified and functional soil biota in 
R94 than in R95. Indeed, net N mineralization was more vigorous in R94 than in R95 
while the reverse was true for immobilization. Both processes are ofmicrobial origin 
and are indicators of vigor of microbial activities (see Chapter 4). 
5.5.3 Comparison ofsoil respiration between the rehabilitated sites and 
secondary Pinus massoniana woodland 
Carbon dioxide production from the rehabilitated sites was intermediate 
between that ofthe bare soil and the pine woodland soil. The total CO2 production in 
R94 and R95 amounted to 66% and 52% of the PW value, respectively. How soon 
will soil microbial activities be restored to the woodland level? There is no easy 
answer to this question. Long-term monitoring of the rehabilitated sites or inclusion 
ofseveral sites with longer restoration history would be needed to obtain the answer. 
Why was CO2 production highest in the 50-year old woodland soils? Indeed, 
the woodland contained higher organic matter content (3.61%) than the rehabilitated 
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sites (0.34-0.37%). More diverse dead plant materials (leaf litter, twigs, roots and 
large woods) are found in PW than in the newly rehabilitated sites. Other factors 
being equal, microbial activities in PW are more vigorous due to the availability of 
respiratory substrates. Moreover, a dense ground cover and closed canopy in PW 
provided a suitable environment for the growth of microorganisms. 
While CO2 production stabilized on the 22nd day ofincubation in all the sites, 
the amount of CO2 produced during this phase (1-22 days) decreased in the order of 
PW > R94 > R95 > BS, being in line with organic matter content in the soils. 
Respiration is obviously limited by the rate of substrate release from soil organic 
matter，rather than by the maximum specific growth rate ofthe soil population (Shen 
et cil' 1987). However, the mechanism of conversion of non-available soil organic 
matter to available form for soil respiration is still unclear. Nonetheless, the soil 
microbes in PW are more capable of utilizing the more resistant organic matter so that 
CO2 production was maintained at the highest level throughout the study period. 
In fact, there could be some underestimation of CO2 production in the BS, R94 
and R95 samples. During the adjustment of soil moisture content to field capacity, 
some soil samples failed to retain the added water and a state of hydrophobicity had 
developed. Microorganisms respired anaerobically and hence the amount of CO2 
produced would be underestimated. Such phenomenon was not found in the PW 
samples. It clearly proves that the soils from the bare and the rehabilitated sites are 
structureless while those from the pine woodland are better structured. Though soil 
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physical properties were not investigated in the present study, we believe the structure 
ofthe newly planted sites had not been restored yet. 
Lastly, it should be noted that soil respiration is one of the many means to 
ascertain microbial activity. It can also be ascertained by measuring dehydrogenase 
enzyme activity of the soil (Harris & Hill 1995). Similarly, some researchers measure 
the total microbial biomass and composition of the soil microbes (Bentham et aL 
1992). Total microbial biomass is estimated from the adenosine triphosphate (ATP) 
concentration in soils, which is a fundamental energy source for cellular reactions and 
which occurs in roughly constant proportions in most organisms (Harris & Hill 1995). 
Composition of soil microbes is measured as fungal biomass which is estimated from 
the concentration of ergosterol，a ftmgal sterol in soils (Harris & Hill 1995). 
5.6 Conclusion 
From the findings of the present experiment, the following conclusions can be 
drawn: 
1. Daily and cumulative CO2 production were lowest in the newly excavated soil 
awaiting restoration. 
2. Microbial activities were enhanced in the rehabilitated sites, as a result of SOM 
accumulation and improved growth environment. Cumulative CO2 production 
increased with successional development of the vegetation, in the order of bare site 
( 1 1 2 i^g g-i) < R95 (188 i^g g-i) < R94 (239 t^g g \ 
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3. A bimodal pattem of daily CO2 production was detected on all the study sites. 
Daily production of CO2 decreased in the order of PW > R94 > R95 > BS. Maximum 
production was found on the 1st day of incubation except in R95, which was on the 
2nd day. A second but lower peak was detected on the 7th day for all sites except 
R94, which was on the 14th day of incubation. CO2 production ofall sites declined 
thereafter and stabilized on the 22nd day. 
4. Although the pine woodland was not in good growing conditions, daily and 
cumulative CO2 production were higher than the rehabilitated communities possibly 
due to more SOM in the relatively undisturbed soils. 
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CHAPTER 6 
GROWTH PERFORMANCE AND FOLIAR COMPOSITION OF THE 
REHABILITATED VEGETATION 
6.1 Introduction 
The core component of ecosystem restoration is the replacement of the 
original native communities with plantation communities, usually exotic, to modify 
soil microclimate and soil physical，chemical and biological conditions, so as to 
accelerate the establishment of native forests (Lugo 1988). Hence species selection is 
critical to the success of restoration. Reviews on effects oftrees in ameliorating soil 
properties were available in Challinor (1968)，Young (1989), Muys et al. (1992) and 
Willis etaL{X991). 
Fast growing species are preferred in ecosystem restoration since a rapid 
establishment of ground cover arrests land degradation and at the same time, 
moderates the fluctuating temperature and moisture regimes for plant establishment. 
However, while slow growth rate is an adaptation to nutrient stress (Chapin et aL 
1983), will the rehabilitated species be affected by nutrient deficiency in the soil? Do 
species respond differently to the harsh biophysical environment? 
In addition to physical environment that affects plant establishment, vegetation 
nutrition was most acute during the first few years of restoration when nutrient supply 
and demand is most unbalanced, with nitrogen as the most limiting plant nutrient. 
Indeed seedling biomass, height and tissue nitrogen concentration had been found to 
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correlate strongly with soil nitrogen; correlation coefficients ranged between 0.77 and 
0.99 at 95% confidence intervals (Tilman 1986). How will nitrogen deficiency in the 
Tai Tong Borrow Area affect the establishment and growth oftree saplings? 
Foliar N and P concentrations in a Hawaiian montane rain forest were highest 
in the intermediate-aged forest and lowest in the youngest and oldest sites (Vitousek 
& Tumer 1995). Similarly, while total soil nitrogen doubled during a 60-year 
secondary succession on a Minnesota sand plain, it was more than tripled in plant 
tissue (Gleeson & Tilman 1990). As these studies focused on mature stands, results 
were not transferable to a newly restored ecosystem. What are the foliar N and P 
concentrations of the rehabilitated communities and to what extent will they reflect 
the soil reserves and differential uptake ability between species? 
Besides, nutrient cations such as K，Ca, Mg and Na are usually deficient in the 
derelict soils. How much of these cations are accumulated in the developing 
vegetation? While foliar nutrient concentration was widely used as a measure ofplant 
nutrient status (van den Driessche 1974), its study on newly rehabilitated communities 
is relatively neglected in the literature. 
The nutrient use efficiency (i.e. low-tissue-nutrient requirement) ofplants was 
higher on infertile soils than on fertile soils (Miller et al. 1976, Chapin & Kedrowski 
1983, Boemer 1984，Clark 1992). Will this physiological adaptation be witnessed in 
the newly rehabilitated communities and if yes, which species is most efficient in 
nutrient use? 
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Legumes and N2_f1xing non-legumes have been used with success in the 
reclamation of derelict lands (Marrs et aL 1980a & b , Skeffington & Bradshaw 1980, 
Jefferies et aL 1981a & b). Despite the ability to fix atmospheric nitrogen, 
establishment and growth of these species is limited by phosphorus and calcium 
supply in the soils (Bradshaw & Chadwick 1980，Jefferies et al. 1981b). Nodulation 
was also affected by soil acidity (Bordeleau & Prevost 1994) though some acacias 
were able to grow and fix atmospheric nitrogen in soils of pH 4.1 (Ashwath et aL 
1995). Owing to the inherent deficiency o f P and Ca and strong acidity ofthe local 
soils, will the growth of legumes, which constitute the major population of the 
rehabilitated community, be affected? 
Foliar N concentration in savanna woodlands in Tanzania was significantly 
higher in N2-f1xing species (2.71%) than in non-N2-f1xing species (1.63%) while no 
differences were recorded for K, Mg and Ca (Hogberg 1986). Will the nutrient 
composition of species in the rehabilitated communities exhibit a similar pattem? 
Trifolium repens sown on colliery spoil increased the N content of the 
companion grass by 76 kg ha"^  within 2 years of sowing (Jefferies et aL 1981b). 
Similarly, on 6-year reclaimed sand mica wastes, trees growing nearest to alder, a 
nitrogen fixer, experienced exponentially greater height increments than those 
growing furthest from it (Kendle & Bradshaw 1992). A log growth transformation 
gave a linear relationship and a strong correlation between distance from alder, total 
height and growth increment (r=0.91, p<0.01). Net export of nitrogen to 
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neighbouring trees was also reported for the nitrogen fixer Lupinus arboreus on 
reclaimed china clay wastes after 3 years of establishment (Palaniappan et al. 1979). 
Will the Acacia and Casuarina species in the rehabilitated communities likewisely 
benefit the growth of neighbouring species? 
Exotic fast-growing species are usually used as pioneer species in ecosystem 
restoration to modify soil conditions for invasion by native species (Lovejoy 1985, 
Lugo & Liegel 1987). Native species had been used with success in restoring 
abandoned pastures (Montagnini & Sancho 1990, 1994; Fisher 1995) and taconite 
iron ore tailing QMoyd et al 1995). In contrast, most ofthe native species had low 
percentage cover on reclaimed pastures in Japan (Tsuyuzali & Kanda 1996). In local 
restoration works, more native species were planted in recent years. Since the borrow 
areas in Tai Tong were planted with a mixture of exotic and native species, will their 
growth performance be different from one another? 
Unlike microclimate and soil conditions, changes in vegetation are more easily 
visible in terms of growth rates and growth forms which, in tum, reflect the different 
potential of species in surviving the harsh biophysical environment. However, there 
are virtually no studies on vegetation establishment during early ecosystem 
restoration. Instead, most studies focused on mature stands and on their ability to 
ameliorate soils. In this chapter growth performance and foliar nutrient composition 
of different species in the two newly rehabilitated communities will be investigated 
with special emphasis on interactions between soil and vegetation. Results from this 
experiment will provide answers to the following questions: 
121 
1. Which species exhibited the fastest height growth, stem basal diameter increment 
and crown closure during the first two years of rehabilitation? Similarly, which 
species were most slow growing in the rehabilitated sites? 
2. How did species growth vary with seasons? 
3. Of the species common to both rehabilitated sites, did they differ in growth rate 
between the first and second year of restoration? 
4. How did foliar nutrients vary with seasons and between species? 
5. Can we generate from the foliar analysis patterns of nutrient accumulation 
between species and soil background levels? 
6. What role do nitrogen fixers play in rehabilitating the borrow area? 
7. Are native species suitable for use in borrow area restoration? 
8. What have we leamt from species composition of the two rehabilitated sites? 
9. What rules of ecosystem restoration can we generate from restoration of the 
derelict landscape derived from granite? 
6.2 Methodology 
6.2.1 Growth measurements 
In each ofthe rehabilitated sites, 3 transects were set up systematically. Along 
each transect, 2 quadrats of 5 m by 5 m were chosen randomly. All the species within 
the quadrats were tagged and their height, stem basal diameter (SBD) and crown 
diameter were measured in March, August and December 1996. Tree height and 
crown diameter were measured by measuring tape and SBD by the use of vemier 
caliper. Each parameter was measured twice and average values were reported. 
Number of trees measured in each restored site was shown in Table 6.1. Crown 
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coverage was calculated according to the formula described by Muller-Dombois and 
Ellenberg (1974): 
Crown coverage = 7i{(Dl + D2)/4f (Eq. 6.1) 
where D was the crown diameter. Tree height, SBD and crown coverage were 
^ 
expressed in m, cm and m respectively. 
6.2.2 Chemical analysis 
Fresh leaf samples of each species found in each quadrat were collected at the 
same time of tree measurement, i.e. March, August and December. Seasonal 
variations offoliage composition were followed in an attempt to (a) differentiate with 
confidence growth pattem between species, and (b) to ascertain the impact ofnutrient 
availability in the soils. On each occasion, ten replicates were collected from each 
species. Mature foliage from the middle of a branchlet were collected since neither 
young or old leaves provide a characteristic correlation of nutrition status to leaf 
composition (Davidescu & Davidescu 1982). Leaf samples were returned to the 
laboratory, rinsed with de-ionized water, air-dried and then oven-dried to constant 
weight at 85°C. The oven-dried samples were ground, passed through 0.25 mm 
stainless steel sieve and stored for chemical analysis. Total Kjeldahl nitrogen was 
determined by Kjeldhal digestion method using 0.1 gram sample, as described in 
Chapter 3. Mixed acids (1: 5: 0.5 of perchloric, nitric, and sulphuric acid) were used 
to digest the leaf samples for the determination of total P, K, Ca, Mg and Na (Allen 
1989). The digest was filtered through Whatman 44 filter paper and diluted to 50 ml 
for the determination of K，Ca, Mg and Na by the use of the Varian Spectr AA-300 
Atomic Absorption Spectrophotometer. For the determination of total P， 
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molybdenum blue method was used in accordance to the procedures described in 
Chapter 3. The results were expressed as % oven dry weight (ODW) of the samples. 
6.3 Statistical analysis 
Statistical analysis was performed by using the statistical package SPSS (for 
Windows). Means, range and standard deviations ofheight, SBD and crown coverage 
of individual species were reported. Inter-species differences for each growth 
parameter and element concentrations in each restored site were tested by Duncan's 
Multiple Range Test at a confidence level of p<0.05, unless otherwise specified. 
6.4 Results 
6.4.1 Growth measurements 
6.4.1.1 Height 
Table 6.1 summarized height growth and net increment of the different species 
in March, August and December 1996. In December, a mean height of 3.84 m was 
recorded for Acacia mangium, which was the tallest species in the 2-year old (R94) 
community. A comparable height of 3.71 m was recorded for Acacia auriculiformis, 
being followed by Pinus elliottii (2.97 m)，Casuarina equisetifolia (2.10 m) and 
Lophostemon confertus (1.88 m). Acacia confusa and Melaleuca quinquenervia 
recorded shorter heights o f l . 55 m and 1.47 m respectively. Cinnamomum camphora 
was the shortest species, with an average height of 0.66 m only. 
The tallest species did not necessarily yield the greatest height increment 











































































































































































































































































































































































































































































































































































































































































































































































































































in Acacia auriculiformis (2.30 m)，being followed by Pinus elliottii (1.67 m) and 
Acacia mangium (1.57 m). Increments were intermediate for Casuarina equisetifolia 
and Lophostemon confertus (0.79 m and 0.70 m respectively) and lowest for Acacia 
confusa, Melaleuca quinquenervia and Cinnamomum camphora (0.47 m, 0.27 m and 
0.12 m respectively). 
When comparing the height growth between August and March, greatest 
increment was found in Acacia auriculiformis, which had an absolute increase of 
1.14m. It was then followed by Acacia mangium which increased by 0.96 m. 
Intermediate increments of 0.63 m，0.54 m and 0.40 m were recorded for 
Lophostemon confertus, Casuarina equisetifolia and Pinus elliottii respectively. 
Lower increments were found in Acacia confusa, Melaleuca quinquenervia and 
Cinnamomum camphora which yielded an increase of 0.29 m, 0.15 m and 0.09 m 
respectively (Table 6.1). 
Height increment between December and August exhibited a different pattem. 
Greatest increments were found in Pinus elliottii (1.27 m) and Acacia auriculiformis 
(1.16 m). Acacia mangium exhibited intermediate height growth (0.61 m) while 
smaller increments were recorded for Casuarina equisetifolia (0.25 m), Acacia 
confusa (0.18 m) and Melaleuca quinquenervia (0.12 m). Lophostemon confertus 
(0.07 m) and Cinnamomum camphora (0.03 m) recorded the smallest increment of 
0.07 m and 0.03 m, respectively. 
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In December, the tallest species in R95 was Acacia mangium (1.56 m)， 
followed by Acacia confusa (1.36 m) and Eucalyptus rohusta (1 .19 m) (Table 6.1). 
Increment between December and March followed the same order with a net increase 
of 0.95 m in Acacia mangium, 0.67 m in Acacia confusa and 0.56 m in Eucalyptus 
robusta. 
Between August and March Acacia mangium recorded the greatest height 
increment (0.41 m) followed by Eucalyptus rohusta (0.38 m) and Acacia confusa 
(0.33 m) which had an increase of 67%, 60% and 48% respectively when compared 
with March measurements (Table 6.1). Increment between December and August was 
slightly different with highest increase in Acacia mangium (0.54 m), followed by 
Acacia confusa (0.34 m) and Eucalyptus robusta (0.18 m). 
6.4.1.2 Stem basal diameter (SBD) 
In December, Acacia mangium and Acacia auriculiformis had the greatest 
SBD among the species in R94 (6.44 cm and 5.99 cm respectively). Intermediate 
SBD of 2.82 cm, 2.76 cm and 2.69 cm were recorded for Pinus elliottii, Casuarina 
equisetifolia and Acacia confusa respectively (Table 6.2). This was followed by 
Melaleuca quinquenervia (2.14 cm) and Lophostemon confertus (2.00 cm), and the 
smallest SBD coincided with Cinnamomum camphora (1.04 cm). 
Overall SBD increment followed a similar pattern, with greatest increment 














































































































































































































































































































































































































































































































































































































































































































































































































Casuarina equisetifolia which had comparable increments of 1 .14 cm and 0.96 cm 
respectively (Table 6.2). Smaller but similar increments ranging between 0.34 cm and 
0.38 cm were recorded for Pinus elliottii, Acacia confusa and Lophostemon confertus. 
Inconspicuous increments were found for Melaleuca quinquenervia (0.10 cm) and 
Cinnamomum camphora (0.07 cm). 
Increments in SBD between August and March was different from the overall 
pattern, with greatest increase in Acacia mangium (0.97 cm), followed by Casuarina 
equisetifolia (0.74 cm) and Acacia auriculiformis (0.61 cm). Intermediate increase 
was recorded for Acacia confusa (0.34 cm) and Lophostemon confertus (0.31 cm). 
Pinus elliottii and Melaleuca quinquenervia yielded even smaller increments of 0.10 
cm and 0.08 cm, respectively. Again Cinnamomum camphora increased by 0.02 cm 
only. 
Similarly, Acacia mangium exhibited the greatest increase in SBD between 
December and August (0.72 cm). It was followed by Acacia auriculiformis (0.53 
cm). Increase in Pinus elliottii and Casuarina equisetifolia was lower (0.28 cm and 
0.22 cm respectively) while the rest of the species exhibited the smallest increments, 
ranging from 0.02 cm to 0.05 cm. 
In December, average SBD of Acacia confusa was 2.99 cm which was the 
largest among the species in R95. It was then followed by in Acacia mangium (2.56 
cm) and Eucalyptus robusta (1.17 cm) (Table 6.2). Despite a greater SBD, overall 
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increment was the same for Acacia confusa and Acacia mangium (1.51 cm). 
Increment oiEucalyptus robusta was only one-third of the Acacia spp. (0.54 cm). 
While Acacia confusa had the greatest increment in SBD during summer (0.94 
cm), it was replaced by Acacia mangium in winter (0.80 cm). Smallest increments 
were found for Eucalyptus robusta on both occasions (0.33 cm in summer and 0.21 
cm in winter). 
6.4.1.3 Crown coverage 
In December, the largest crown coverage coincided with Acacia mangium 
2 2 (4.22 m ). Intermediate crown coverage of 2.58 m was recorded for Acacia 
auriculiformis, being followed by Casuarina equisetifolia (1.50 m )^ and Pinus elliottii 
(1.22 m2) (Table 6.3). Smaller crown coverage of0.74 m^ 0.40 m^ and 0.25 rn were 
found for Acacia confusa, Melaleuca quinquenervia and Lophostemon confertus, 
respectively. The smallest crown coverage of 0.05 m^ was observed for Cinnamomum 
camphor. 
Overall increment in crown coverage was most prominent in Acacia mangium 
(2.57 m )^. It was then followed by Casuarina equisetifolia, Pinus elliottii and Acacia 
auriculiformis which had comparable coverage, ranging 0.55-0.59 m .^ While 
increment was small for Melaleuca quinquenervia and Acacia confusa (0.28 m^ and 
0.11 m respectively), increase for Lophostemon confertus and Cinnamomum 
2 2 
























































































































































































































































































































































































































































































































































































































































































































































































































Between August and March, increment in crown coverage was greatest in 
Acacia mangium (1.74 m^). Similar increase of 0.46 m , 0.43 m and 0.31 m were 
observed for Pinus elliottii, Acacia auriculiformis and Casuarina equisetifolia, 
respectively. The rest of the species exhibited small increments ranging between 0.01 
m^ and 0.09 m^ (Table 6.3). 
Acacia mangium recorded the greatest increase in crown coverage between 
December and August (0.83 m )^. Second largest increment was observed for 
2 7 7 
Casuarina equisetifolia (0.28 m ). Smaller increments of 0.19 m , 0.13 m and 0.12 
2 . . 争 
m were coincided with Melaleuca quinquenervia, Pinus elliottii and Acacia 
auriculiformis respectively. While an increase of 0.07 m was observed for Acacia 
confusa, increase in Lophostemon confertus and Cinnamomum camphora were 
• 2 2 inconspicuous (0.02 m and 0.01 m respectively). 
For species in R95, crown coverage in December decreased in the order of 
Acacia confusa (0.85 m )^ > Acacia mangium (0.61 m )^ > Eucalyptus robusta (0.14 
2 7 
m ). Overall increment followed the same order, averaging 0.62 m for Acacia 
2 2 
confusa, 0.51 m for Acacia mangium and 0.10 m for Eucalyptus robusta. 
Increment between August and March exhibited the same pattem as the overall 
increment, with an increase of 0.42 m , 0.25 m and 0.06 m^ for Acacia confusa, 
Acacia mangium and Eucalyptus robusta respectively. Increase in crown coverage 
between December and August was comparable for Acacia mangium and Acacia 
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2 2 
confusa (0.26 m and 0.20 m respectively) while the increase for Eucalyptus robusta 
2 
was least inconspicuous (0.04 m ). 
6.4.2 Foliar nutrient composition of rehabilitated vegetation 
6.4.2.1 Total Kjeldahl nitrogen 
Figure 6.1 illustrated the foliar N concentration of different species in the 
rehabilitated communities. Foliar N concentration in R94 was highest among the 
leguminous species, averaging 2.41% for Acacia confusa, 2.08% for Acacia mangium 
and 1.99% for Acacia auriculiformis. N concentration was intermediate for Pinus 
elliottii, Casuarina equisetifolia, Cinnamomum camphora and Melaleuca 
quinquenervia, corresponding values being 1.58%, 1.46%, 1 .31% and 1.21%. The 
lowest concentration of 0.88% coincided with Lophostemon confertus. 
Figure 6.1 Foliar N concentration (%ODW) of rehabilitated species in R94 and R95 
(n=10). 
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Foliar N concentration varied with seasons. For Acacia confusa, Casuarina 
equisetifolia and Cinnamomum camphora, it increased from March onwards, peaked 
in August and then decreased in December (Figure 6.1). While foliar N content 
increased with seasons for Acacia mangium, Pinus elliottii and Lophostemon 
confertus, that ofAcacia auriculiformis was reversed (Appendix 6.1). 
Among the species in R95, Acacia confusa recorded an average N content of 
2.67%, being followed by Acacia mangium (2.14%) and Eucalyptus robusta (1.05%). 
Seasonally, all the species exhibited a peak foliar N content in August but decreased 
thereafter. 
6.4.2.2 Total phosphorus 
Low foliar P content ranging from 0.003 % to 0.010 % was recorded for the 
different species in R94 (Appendix 6.1). It was higher in non-nitrogen fixers 
including Melaleuca quinquenervia (0.009%), Pinus elliottii (0.007%) and 
Cinnamomum camphora (0.006%) than nitrogen fixers which included Casuarina 
equisetifolia and Acacia auriculiformis (0.004%) and Acacia confusa (0.003%). 
Lophostemon confertus and Acacia mangium accumulated intermediate levels of P 
(0.005%). 
Foliar P content increased with seasons in Acacia mangium, Pinus elliottii and 
Lophostemon confertus while that of Acacia confusa, Acacia auriculiformis and 
Casuarina equisetifolia were reversed (Figure 6.2). In Melaleuca quinquenervia, P 
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content decreased from 0.01% in March to 0.007% in August before rising to 0.01% 
again in December while that of Cinnamomum camphora kept on decreasing from 
0.008% in March to 0.005% in December. 
Figure 6.2 Foliar P content (% ODW) of rehabilitated species in R94 and R95 
(n=10). 
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In R95, average P concentration was higher in the foliage of Eucalyptus 
robusta (0.006%) than in Acacia mangium and Acacia confusa (0.005%). Seasonal 
variation of the species exhibited different patterns (Figure 6.2). It remained at 
0.005% for Acacia confusa throughout the study period while that of Acacia mangium 
increased from 0.005% in March to 0.007% in August before decreasing to 0.004% in 
December. For Eucalyptus robusta, foliar P content remained at 0.007% in March 
and August but then decreased to 0.004% in December. 
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6.4.2.3 Potassium 
Foliar K concentrations ranged from 0.33% to 1.40% for species in R94 
(Appendix 6.2). The highest K concentration of 1.02% was found in the foliage of 
Cinnamomum camphor. Intermediate K contents were recorded for Lophostemon 
confertus (0.87%), Melaleuca quinquenervia and Acacia auriculiformis (0.80%) and 
Casuarina equisetifolia (0.76%). The concentration was lowest in Pinus elliottii 
(0.60%), Acacia mangium (0.61%) and Acacia confusa (0.53%). Except the Acacia 
spp. which exhibited an increased K concentration from March to December, other 
species yielded a peak accumulation in August but declined thereafter (Figure 6.3). 
On average, Eucalyptus robusta (0.69%) recorded the highest foliar K content 
among the species in R95, being followed by Acacia mangium (0.57%) and Acacia 
confusa (0.55%). A peak concentration was detected in August for all species, 
averaging 0.64% for Acacia confusa, 0.81% for Acacia mangium and 0.88% for 
Eucalyptus robusta. 
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Figure 6.3 Foliar K concentration (%ODW) of rehabilitated species in R94 and R95 
(n=10). 
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6.4.2.4 Sodium 
Low Na concentrations ranging from 0.01% to 0.15% were detected for 
species in R94 (Appendix 6.2). Casuarina equisetifolia yielded the highest foliar Na 
concentration of 0.14%, being followed by Acacia mangium (0.09%). Lowest 
concentration of 0.02% was found in Pinus elliottii and Cinnamomum camphora 
while rest of the species yielded intermediate concentrations of 0.05-0.07%. 
Foliar concentrations in Acacia confusa and Acacia mangium increased 
gradually with seasons while a reversed pattem was detected for Casuarina 
equisetifolia and Lophostemon confertus (Figure 6.4). Na content in Pinus elliottii 
remained at 0.02% throughout the year while the remaining species experienced a 
peak in August. 
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In R95, Na concentration was higher in Eucalyptus robusta (0.10%) than in 
Acacia mangium (0.08%) and Acacia confusa (0.07%) (Appendix 6.2). Peak 
concentrations coincided with August, averaging 0.13% for Acacia confusa and 
Acacia mangium and 0.14% for Eucalyptus robusta (Figure 6.4). 
Figure 6.4 Foliar Na content (% ODW) of rehabilitated species in R94 and R95 
(n=10). 
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6.4.2.5 Calcium 
Calcium concentrations ranged from 0.10% to 1.40% in species of R94 
(Appendix 6.2). Lophostemon confertus recorded an average concentration of 1.24% 
which was highest among the species. Intermediate levels of 0.88%, 0.67%, 0.65% 
and 0.61% were recorded for Melaleuca quinquenervia, Casuarina equisetifolia and 
Acacia auriculiformis, Cinnamomum camphora and Acacia mangium respectively. 
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Low concentrations of 0.34% and 0.14% were observed for Acacia confusa and Pinus 
elliottii. 
While Ca concentrations of Acacia confusa, C. equisetofolia and Melaleuca 
quinquenervia increased from March to December, that of Acacia mangium, Acacia 
auriculiformis, Pinus elliottii and Lophostemon confertus peaked in August and 
decreased thereafter (Figure 6.5). In contrast, concentration of Cinnamomum 
camphora decreased from 0.68% in March to 0.58% in August before increasing 
again to 0.68% in December. 
Calcium concentrations of species in R95 ranged from 0.36% to 1 . 17% 
(Appendix 6.2). The highest concentration was found in Eucalyptus robusta (1.05%), 
followed by Acacia mangium (0.70%) and Acacia confusa (0.32%). While Ca of 
Acacia mangium and Eucalyptus robusta peaked in August (0.79% and 1 . 17% 
respectively), a decrease from 0.36% to 0.27% was observed for Acacia confusa 
during the year (Figure 6.5). 
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Figure 6.5 Foliar Ca content (% ODW) of rehabilitated species in R94 and R95 
(n=10). 
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6.4.2.6 Magnesium 
Foliar Mg content ranged 0.04-0.20% in R94 (Appendix 6.2). The highest 
concentration of 0.16% coincided with Lophostemon confertus, followed by 
Melaleuca quinquenervia (0.11%), and Cinnamomum camphora and Acacia 
auriculiformis (0.10%). The concentrations in Pinus elliottii. Acacia mangium. 
Acacia confusa and Casuarina equisetifolia ranged 0.06-0.08%. 
Magnesium content increased with seasons in Acacia confusa, Acacia 
mangium, Melaleuca quinquenervia and Lophostemon confertus, while peak 
accumulation occurred in August for the remaining species (Figure 6.6). 
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Figure 6.6 Foliar Mg content (% ODW) of rehabilitated species in R94 and R95 
(n=10). 
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‘ Species in R95 yielded comparable Mg concentrations ranging 0.09-0.13% 
(Appendix 6.2). It was slightly higher in Eucalyptus robusta (0.12%) than in Acacia 
mangium (0.11%) and Acacia confusa (0.09%). The concentration in Acacia confusa 
remained fairly constant throughout the year. Acacia mangium exhibited a peak 
0.13% in August while that of Eucalyptus robusta increased from 0.11% in March to 
0.13% in December (Figure 6.6). 
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6.4.3 Element abundance among the rehabilitated species 
Foliar N, P, K, Ca, Mg and Na concentrations of the different species were 
summarized in Appendices 6.1 and 6.2. For species in R94，the lyotropic series 
decreased in the order of N > K > Ca > Mg > Na > P in Acacia confusa, Acacia 
auriculiformis, Pinus elliottii, Melaleuca quinquenervia and Cinnamomum 
camphorAcacia The lyotropic series for Acacia mangium and Casuarina equisetifolia 
was slightly different, in the order o f N > K, Ca > Mg, Na > P and N > K > Ca > Na > 
Mg > P respectively. A completely different lyotropic series was observed for 
Lophostemon confertus, in the order of Ca > K > N > Mg > Na > P. 
For species in R95, the lyotropic series of nutrients decreased in the order of 
N > Ca > K > Mg > Na > P for Acacia mangium and Eucalyptus robusta while that of 
Acacia confusa was N > K > Ca > Mg > Na > P. 
6.5 Discussion 
6.5.1 Species growth in the rehabilitated sites 
Measurements of height, stem basal diameter and crown coverage are 
characterized by high standard deviations and wide range values (Tables 6.1-6.3). It 
is more than a sampling problem because field observation clearly showed that growth 
was not uniform within the same species. For instance, the height of Acacia 
auriculiformis measured in December in R94 ranged 1.68-4.19 m whereas the 
corresponding values for Casuarina equisetifolia were 0.79-3.45 m. It occurred to all 
species, irrespective of seasons and sites. 
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The underlying causes of this uneven growth problem are complex. It is partly 
caused by heterogeneous conditions of the soil and site. Immediately after the 
excavation of fill materials, the borrow area is shaped to blend in the surrounding 
environment. Fill and engineering slopes are laid with overburden materials to a 
maximum depth of 300-500 mm, compacted and provided with surface drainage 
before hydroseeded with grass. Six months after grass growth, the slopes are then pit 
planted with tree saplings 450-600 mm high and 1.0 m centre to centre. It looks 
perfect except site quality is not uniform across the slopes because of various reasons. 
First, the depth of overburden materials varied tremendously as a result of poor site 
supervision and erosion. Second, the quality of the overburden materials is not well 
controlled because they often contain semi-weathered in situ parent materials. 
Because of this, the soils supporting growth of the rehabilitated species varied 
tremendously in depth and quality. Under extreme conditions, bare patches of rock 
fragments and exposed parent rocks can be found. Nonetheless, water and nutrient 
stresses are critical growth problems in the borrow area, resulting in uneven growth of 
the restored vegetation including the fast-growing legumes. This finding seems to 
differ from that ofMiller (1995) and Li et al. (1996) who maintained that early growth 
of the revegetated species was not related to nutrient status of the soils. This 
discrepancy will be addressed again in section 6.5.2. 
Another cause of uneven growth is species-interaction effect. In Hong Kong 
species used in ecosystem restoration is dictated in the tender specifications and 
nowadays polyculture is preferred to monoculture. Unfortunately, species mix has not 
been well trailled out with respect to their suitability, growth requirement and growth 
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rate. Very often the slow-growing species is dwarfed by the fast-growing 
counterparts, typical example being the species mix of Melaleuca quinquenervia and 
acacias. The paper bark tree is intolerant of shade and grows slower than any of the 
legumes in Tai Tong. Because of this, Melaleuca quinquenervia growing next to the 
acacias will be dwarfed while those growing together with Cinnamomum camphora, 
another slow-growing species, will grow faster. The importance of species selection 
in ecosystem restoration will be elaborated further in the next section. 
Uneven growth is thus an indication of poor quality of the restoration work, 
wasting time, effort and money of the taxpayers. Though fertilization can improve the 
situation, it is usually too expensive and hence not a viable solution for the problem. 
The only solution is to thin out the unwanted inferior species, a silvicultural practice 
commonly adopted to improve the quality of plantations. However, the final species 
composition of the restored woodland may not necessarily be what we have intended 
for. 
The results also indicate that N2-flxing legumes and tree species outperformed 
non-legumes in the two rehabilitated sites. This will be discussed in the following 
section. 
6.5.2 Role of nitrogen fixers in rehabilitating the borrow area 
As aforesaid in Chapters 3 and 4，the soils in the borrow area are deficient in 
TKN, and mineral nitrogen constitutes less than 6% of the total pool. Fertilizer N in 
the forms of ammonia and nitrate are easily leached from the porous soil. Given this 
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deficiency, what rules can we generate from data of the growth measurements and 
foliar analysis? 
Two types of species can be differentiated from the growth measurements, 
namely fast- and slow-growing species. For instance, the average height of Acacia 
mangium and Acacia auriculiformis in R94 increased by 1.57 and 2.30 m， 
respectively during the study period. The corresponding values for Cinnamomum 
camphora and Melaleuca quinquenervia in the same site were 0.12 and 0.27 m (see 
Table 6.1). Similar pattern was found for increments in stem basal diameter and 
crown coverage, although the magnitude of increment of the same species varied 
slightly between sites. The legumes, therefore, tend to grow faster than the non-
legumes. 
Incidentally, the legumes also accumulated more nitrogen in their foliage than 
the non-legumes. For instance, foliar nitrogen of Acacia auriculiformis. Acacia 
mangium and Acacia confusa amounted to 1.71-3.24%. For the non-legumes of 
Melaleuca quinquenervia, Lophostemon confertus, Cinnamomum camphora and 
Eucalyptus robusta, foliar nitrogen averaged 0.70-1.86% (Table 6.4). Overall, foliar 
nitrogen in the legumes is higher than 1.5%, a value suggested for average plants 
(Tisdale et al. 1993) but all other nutrients lower. 
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Table 6.4 The average concentration (% ODW) of some essential plant nutrients� 
Plant nutrient Average concentration^ Present study 
^ 
Legumes Non-legumes 
1 ^ L5 1.36-3.24 0.70-1.86 
P 0.2 0.003-0.007 0.004-0.010 
K 1.0 0.37-0.93 0.33-1.40 
Ca 0.5 0.25-0.87 0.10-1.40 
Mg 0.2 0.04-0.15 0.06-0.20 
'Range values extracted from Appendices 6.1 & 6.2. 
^Tisdale etaL{X993). 
^Inclusive of Casuarina equisetifolia. 
According to Miller (1995) and Li et al. (1996), the early growth of 
revegetated species is not related to nutrient status of the soils. Instead, it is a result of 
the physiological demand of the species, as well as ability of the species to obtain 
nutrients. Is this applicable to the study area? True, plants vary in physiological 
demand and ability to extract nutrients from the soils. For instance, pines normally 
require less nutrients for growth than most broadleaves and the presence of 
mycorrhizae in their root systems enhances greatly their ability to absorb P from the 
soil (Montagnini et al. 1995 a & b，Li et al. 1996), as illustrated by Pinus elliottii in 
the present study. This may also apply to legumes with a capacity to fix atmospheric 
nitrogen. While non-legumes rely entirely on N supply from the mineral soil, 
legumes have a dual source of supply. For instance, 52-66% of the total plant 
nitrogen of Acacia auriculiformis and Acacia mangium came from fixation by plant 
nodules (Giller & Wilson 1991). The growth of nodules is seasonal. Peak 
nitrogenase activities are usually recorded in summer and they fall drastically with 
rupture of the nodules in autumn and winter. Incidentally, leaching loss and 
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immobilization of nitrogen in the soils may be high in the summer months, resulting 
in a temporary shortage of supply to the plants. With a capacity to fix atmospheric 
nitrogen, the legumes would have a competitive advantage over the non-legumes, 
especially in June, July and August when immobilization and leaching of N were 
fairly active in the soils (see Appendices 4.1 & 4.2). They are thus suitable pioneer 
species on soils deficient in nitrogen. Nonetheless, the temporal variations of 
nodulation and nitrogenase activities of the legumes warrants further study. 
Two other species deserve special attention in borrow area restoration. One is 
Casuarina equisetifolia, an exotic non-legume but possesses the capacity to fix 
nitrogen in their nodules. It contained an intermediate level (1.36-1.61%) of foliar 
nitrogen when compared with the legumes and broadleaves. It is a medium to fast 
growing species, with a height increment of 0.79 m throughout the study period. 
Again, 39-55% of the plant nitrogen is fixed by nodules (Giller & Wilson 1991). In 
Hong Kong, the species has been used extensively to revegetate bare slopes and fire-
damaged areas since the 1950s. Another species characterized by rapid growth 
(height increment 1.67 m) and intermediate level of foliar nitrogen (1.42-1.86%) is 
h m l ^ 
Pinus elliottii. Although only one sample was encountered in the survey, field 
evidence clearly shows a promising growth of the species in Tai Tong. As aforesaid, 
pines are good pioneer species because they are less nutrient demanding and possess a 
symbiotic relationship with mycorrhizae. 
Foliar concentrations of P, K, Mg and, to some extent, Ca were higher in the 
non-legumes than the legumes and N2-f1xing tree species (see Table 6.4). For 
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instance, foliar P amounted to 0.009% in Melaleuca quinquenervia but only 0.004% 
in Acacia auriculiformis. Similarly, Cinnamomum camphora accumulated more K 
(1.02%) in foliage than Acacia mangium (0.61%). Is this a result of the difference in 
physiological demand or of dilution effect arising from rapid growth of the legume? 
In the present study, Acacia confusa and Acacia mangium were the only 
species encountered in both sites. A comparison of their foliage P, K, Ca and Mg 
between the R94 and R95 sites reviewed no dilution effects (see Appendices 6.1 & 
6.2). It clearly indicates an active synthesis of plant tissue during the early stage of 
ecosystem restoration, including K for photosynthesis and Mg for the formation of 
chlorophyll (Ericsson 1995). Besides, their concentrations in most of the legumes 
either peaked in August or continued to increase towards the end of the study. 
Overall, the legumes contained less P and cations than the average plants too (see 
Table 6.4). It is therefore safe to conclude that legumes have a higher nutrient-use 
efficiency and require less P, K, Mg and Ca to produce the same unit of growth than 
non-legumes (Miller et al 1976, Boemer 1984, Clark 1992). This gives them the 
second competitive advantage over non-legumes in Tai Tong although low Ca and P 
in the soil could affect legume growth and nitrogenase activities (Chau et al. 1985). 
Nonetheless, foliar analysis may be useful in the screening of species for ecosystem 
restoration. A rule of the thumb is to search for species that can accumulate nitrogen 
rapidly in their foliage under low N conditions. This applies not only to legumes but 
also to species which possess exceptional ability in the extraction of soil nitrogen. 
While Cinnamomum camphora is a late successional species not suitable for the 
borrow area, many other native species middle of the successional ladder, such as 
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Schefflera octophylla, Tutcheria spectabilis and Castanopsis fissa, may have this 
ability. Unfortunately, they were not included in the planting list. This point will be 
addressed again in the following section. 
Owing to the competitive advantages of nitrogen fixation and high nutrient-
use efficiency, the legumes tend to maximize leaf production and close their canopies 
sooner than the non-legumes. Light is denied to the competing grasses and slow-
growing broadleaves, resulting in greater height, SBD and crown increments of the 
legumes than the non-legumes. While growth increment varied with seasons, it 
appeared more evenly distributed between the two measurement periods (March to 
August versus August to December) for the legumes than the non-legumes too (Tables 
6.1-6.3). 
To sum up, legumes and N2-flxing trees outperformed the non-legumes in 
height, stem basal diameter and crown cover in the borrow area. This finding is at 
least valid for the first two years of growth. This is because the legumes can fix 
atmospheric nitrogen and use nutrients more efficiently. A rapid closure of the 
canopy further reduces competition of the accompanying species too. Before the 
exotic legumes, particularly Acacia auriculiformis and Acacia mangium, were 
introduced to Hong Kong in the mid-1980s, Lophostemon confertus. Eucalyptus 
robusta and Melaleuca quinquenervia were known for their fast growing habit and -* 
ability to withstand low nutrient soils. The present finding, however, clearly indicates 
that nitrogen fixers possess more competitive advantages than the non-legumes in the 
restoration of borrow areas. 
149 
/ 
6.5.3 Species selection in ecosystem restoration � , 
The Tai Tong East Borrow Area is revegetated with different species, 
including legumes, non-legumes, natives and exotics. Each is different in growth 
performance and in the accumulation of foliar nutrients. What have we leamt from 
the species mix, given they are 1- to 2-year old? Are there any species which should 
be deleted from or added to the list? 
To answer the above questions, we have to identify some growth anomalies in 
the rehabilitated sites. First, Acacia confusa is characterized by stunted growth in 
R94, but not in R95. Worse still, the average height, SBD and crown cover of the 
species in R95 were greater than its counterpart in R94. This is odd bearing in mind 
that the two rehabilitated sites are close in proximity to each other and share the same 
growth conditions. The underlying cause could probably be due to inadequate 
sunlight in the R94 site, a problem caused by uneven growth of the revegetated 
species. It is well documented in the literature that Acacia confusa is shade-intolerant 
and that it prefers exposed slopes to shaded valleys (Chinese Tree Editorial 
Committee 1976). Unfortunately, the species was interplanted with a mixture of other 
species, some of which such as Acacia auriculiformis and Acacia mangium were, 
indeed, fast-growing. While the photosynthetic rate of Acacia confusa was unknown, 
that of Acacia auriculiformis (12.15 mg CO2 dm"^  h'^ ) was higher than Acacia 
mangium (9.52 mg CO2 dm"^  h"^ ) (Yu 1990). As observed in the field, the latter two 
acacias and Casuarina equisetifolia in R94 outgrew Acacia confusa in height. Before 
the mid-1980s Acacia confusa was planted alone in slope revegetation (AFD 1988), 
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hence there was no report of stunted growth arising from reduced sunlight intensity. 
Although the same problem is not detected in R95, it is likely to occur when Acacia 
mangium will accelerate growth in the second year and dwarf the Acacia confusa. 
Calcium deficiency was detrimental to legume growth (Hogberg 1986, 
Bordeleau & Prevost 1994) and nodule formation (Chau et aL 1985). It is required by 
plants for cell wall and plasma membrane stabilization (Ericsson 1995). Indeed, the 
foliage of Acacia confusa contained less Ca than that of Acacia auriculiformis and 
Acacia mangium (Appendix 6.2). The results therefore suggest that Acacia confusa 
was less able to extract Ca from the soil than Acacia auriculiformis and Acacia 
mangium. As a corollary, it is most sensitive to Ca deficiency among the legumes 
investigated. Nitrogenase activity will be suppressed if there is a disruption of 
photosynthate supply to the nodular bacteria, as in poor growth of the host plant. 
Because of this, the ability of Acacia confusa to augment nitrogen supply in the soil is 
undermined. Would it not be better to interplant Acacia confusa with other slower-
growing species such as Pinus elliottii, Lophostemon confertus or native species? 
While they will complement each other in growth rate, the ecological benefit of 
planting Acacia confusa can also be optimized. It deserves detailed investigation in 
the field. 
The second anomaly is the poor growth of the native species Cinnamomum 
camphor. It is a slow-growing and shade-intolerant species which prefers deep and 
fertile soil for vigorous growth. Because of this, large specimen trees are usually 
found in the undisturbed fung shui forests, which is regarded as the climax forest in 
151 
Hong Kong. In a nutshell, Cinnamomum camphora is a late successional species 
which can never survive the harsh environment in Tai Tong unless it is supported by a 
vigorous management programme. The species not only suffers from a denial of 
sunlight but also an inability to extract sufficient nutrients for growth. Much have 
been said about the advantages of using native species in ecosystem restoration; 
however, we need to match the target species with specific conditions of the site. In a 
severely disturbed site like the borrow area, the use of late successional species should 
be avoided. Indeed, while actual restorations are often dominated by engineering or 
financial considerations, the underlying logic must be ecological (Bradshaw 1993). 
If the objective of restoring the borrow area is to create a community 
dominated by native species, will there be a short-cut? Under the existing practice, 
almost all the species are exotic to Hong Kong and the invasion of native species is 
anybody's guess. Based on broad principles of the findings, there is no reason why 
native legumes such as Lespedeza formosa and Adenanthera pavonina should not be 
used in replacement of the acacias. Similarly, native mid-successional species such as 
Castanopsis fissa, Schima superba, Schefflera octophylla and Tutcheria spectabilis 
should also be put into trial. 
Having discussed the importance of species selection in ecosystem restoration, 
what can be done to improve the poor growth of Acacia confusa, Cinnamomum 
camphora and Melaleuca quinquenervia in the borrow area? The choices are few, 
except to prune up more regularly the branches of the towering legumes and N2-f1xing 
trees or to thin out a lot of these pioneer species. This will improve the incidence of 
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light and if the non-legumes do benefit from this, the final community is likely to be 
dominated by exotic species. Indeed, Lophostemon confertus, Melaleuca 
quinquenervia and Eucalyptus robusta are tough species once they gain dominance. 
Is this the community we are looking for? Nobody can offer a satisfactory answer 
because the objective of restoration had not been clearly defined. The authority is 
•• I • - -.. —.. ...M^— - ^ ‘ — - - - • *一 ~ -
primarily o^upied with the need to provide a rapid green cover to the land rather than 
to create a community with well-established structure and functions. What we do 
know is the community will be similar in structure to those that were replanted since 
the 1950s, the least desirable plantations in Hong Kong. Is this not a repeat of the 
mistake in the past? 
In addition to a well-defined objective, a detailed restoration plan is needed. It 
should take into account the differential growth rates of species, density and pattem 
of planting. Planting density not only inhibits species growth (Clark 1992), but also 
affects soil fertility (Li et al. 1996). A rule of the thumb therefore is to avoid 
interplanting of fast- and slow-growing species. Instead, slow-growing species should 
be planted further away from the fast-growing counterparts so as to allow enough 
space for growth and to ensure utmost light incidence. Non-legumes could still reap 
the benefit of enriched nitrogen if they are planted on the periphery or in patches next 
to the legumes. Similarly, the use of native late successional species must be avoided 
on the borrow areas. Nonetheless, species selection and planting matrix are 
complicated components of ecosystem restoration. It is essential not to forget the 
underlying ecological principles of species growth otherwise money and effort will be 
wasted in the drains. 
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6.6 Conclusion 
From the results of the present experiment, the following conclusions can be 
summarized: 
1. Overall，legumes outperformed non-legumes in the borrow area. Acacia 
auriculiformis and Acacia mangium had the fastest height growth, SBD increment and 
crown closure. Cinnamomum camphora was the most slow-growing species, which is 
native to Hong Kong. 
2. Legumes maintained a comparable growth between seasons while non-legumes, 
except Pinus elliottii, recorded greater height and SBD increments in March to August 
than in August to December. 
3. Acacia confusa and Acacia mangium were common to both sites. Height, SBD 
and crown cover increments of Acacia mangium were greater in R94 than in R95. 
The reverse was true for Acacia confusa. 
4. In R95, foliar nutrient concentrations of the species peaked in August but declined 
thereafter. The same pattern was repeated in R94 although a few species exhibited a 
continuous increase up to December. Legumes including N2-fixing trees accumulated 
more N (1.36-3.24%) than non-legumes (0.70-1.86%). The reverse was true for P, K, 
Mg, Na and to some extent Ca. 
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5. With a capacity to fix atmospheric nitrogen and a higher nutrient use efficiency, 
the legumes can withstand soils deficient in N and nutrients. 
6. The nitrogen fixers are pioneer species best suited to rehabilitate the borrow area; 
they produce an excellent greening effect of the derelict landscape. 
7. Cinnamomum camphora was the only native species encountered in the survey. 
As a late successional species which is nutrient-demanding, it is not suitable for use as 
a pioneer species in rehabilitating the borrow area. 
8. Slow-growing species, such as Cinnamomum camphora and Melaleuca 
quinquenervia, should not be planted together with the fast-growing counterparts, 
namely the exotic legumes. Besides, careful thought must be given to the species mix 
by inclusion of more native legumes and faster-growing broadleaves. 





7.1 Summary of findings 
Expanding infrastructural developments in Hong Kong pose a heavy demand 
on fill materials which lead to active excavation activities, resulting in the creation of 
borrow areas in the territory that need immediate restoration. Twenty-three landscape 
restoration sites had been identified in the Metroplan Area from 1989 to 1997 (TDD 
1996). While overseas restoration studies focus on mature stands which probably 
guarantee certain improvements of soil properties, the importance of the early stage of 
growth is overlooked. The present study investigated the ameliorative effects of 1-
and 2-year old woodland plantations on borrow area soils. 
Soil pH increased significantly from 4.49 in the bare soil (BS) to 4.89 after 1 
year of restoration (R95). It then decreased to 4.48 in the second year (R94). Soils in 
the secondary pine woodland (PW) was most acidic, with an average pH value of 
4.33. 
Total exchangeable acidity (TEA) in R94 and R95 were 4.30 cmol kg"^  and 
2.79 cmol kg-i respectively. In spite of a higher TEA, the percentage of exchangeable 
A1 in R94 (45%) was lower than R95 (79%)，though the difference was not 
significant statistically. 
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Soil organic matter averaged 0.18% in the bare soil, but increased to 0.34% in 
R95 and 0.37% in R94. Though SOM doubled after one to two years of restoration, it 
was only one-tenth of that recorded in the woodland soils (3.61%). 
C:N ratio in the bare soils was 10. With an increase in SOM, C:N ratio of the 
newly reclaimed soils increased to 15 for R95 and 16 for R94. A significantly higher 
C:N ratio o f l 8 was detected for the pine woodland soils. 
Despite a gradual build-up of SOM after restoration, TKN remained 
unchanged (0.01%) against the bare soils. In contrast, TKN in the pine woodland soil 
(0.14%) was significantly higher than the bare and the rehabilitated sites. 
Changes in mineral N content of the reclaimed soils were more conspicuous. 
A higher concentration of NH4-N, though not significant statistically, was detected in 
soils of R95 (5.33 i^g g]) and R94 (4.41 ^g g"^ ) when compared to the bare soils 
(2.56 i^g g-i). Again, the pine woodland (PW) soil yielded the highest concentration 
of27.93 i^g g \ 
The amount of NO3-N was much lower than NH4-N in all the sites. Upon 
revegetation, concentration of NO3-N first dropped from 0.29 ^g g"^  in bare soils to 
0.15 i^g g-i in R95, but increased significantly thereafter to 0.68 i^g g'^  in R94 and 
0.84 i^g g-i in PW site. Overall, mineral N constituted 2.9%, 5.5%, 5.1% and 2.1% 
ofthe respective pools in BS, R95, R94 and PW. 
157 
Comparable levels oftotal P were detected in the BS (4.35 mg kg"^), R94 (5.98 
mg kg-i) and PW (9.11 mg kg"^) sites. The concentration was significantly higher in 
R95 (25.54 mg kg'^) than the other sites. Only trace amount of available P was 
detected in the bare soil. The amount increased to 26.62 mg kg'^  after one year of 
restoration but decreased to 3.02 mg kg_! in the second year. The pine woodland 
(PW) soil recorded 14.65 mg kg"^  available P. 
Total exchangeable bases were significantly higher in the R95 (0.93 cmol 
kg-i) and woodland sites (0.86 cmol kg"^) than in the bare (0.36 cmol kg'^) and R94 
sites (0.47 cmol kg'�). 
Exchangeable K decreased in the order of R95 (0.12 cmol kg]) > PW (0.10 
cmol kg-i) > R94 and bare soil (0.06 cmol kg"). Exchangeable Na concentrations 
were lowest among the base cations, averaging 0.02-0.03 cmol kg_) in all the sites. 
The concentration of exchangeable Ca of R95 (0.67 cmol kg"^) was significantly 
higher than R94 (0.35 cmol kg"^) but comparable to PW (0.63 cmol kg]). Lowest 
exchangeable Ca was detected in the bare site (0.07 cmol kg"^). Unlike Ca, Mg 
decreased in the order o f B S (0.21 cmol k g � > R95, PW (0.11 cmol k g ’ > R94 (0.03 
cmol kg-i). 
Ammonification predominated over nitrification in the rehabilitated sites. N 
mineralization was higher in R94 than in R95. Peak N mineralization occurred in 
August (0.46 ]jig g-i day-i) in R94 and in March and August (0.07 pg g" day]) in 
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R95. N immobilization was more active in R95 than in R94, being most prominent in 
December. 
Uptake of mineral N in R95 was greater than in R94. It peaked in August 
(1.18 jLig g-i day-i) for R95 in December (0.56 i^g g'^  day"^) for R94. Ammonium 
nitrogen was preferred to nitrate nitrogen as the form of uptake by the newly 
rehabilitated communities. 
Leaching loss of mineral N was more severe in R94 than in R95. It peaked in 
August (0.68 pg g-i day-i) in R94 and in September (0.14 pg g"^  d a y � i n R95. 
However, leaching loss was insignificant in June, the wettest month during the study 
period. 
Soil respiration study confirmed a succession of microbial population in the 
rehabilitated sites. Daily and cumulative CO2 production increased in the order o f B S 
( 1 12 i^g g - � > R95 (188 )Lig g-i) > R94 (239 [ig g"^ ) > PW (359 i^g g]). Maximum 
production was found on the 1st day of incubation (50, 60, 65 |ig g" day"^  for BS, 
R94 and PW respectively) except in R95, which peaked on the 2nd day (40 jiig g ] 
day-i). A second minor peak of CO2 production was detected on the 7th day except in 
R94，which was on the 14th day. A decrease of76%, 23%, 37% and 6% was detected 
between the two peaks for BS, R95, R94 and PW respectively. CO2 production of all 
the soils declined thereafter and stabilized on the 22nd day. 
f 
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In addition to chemical and biological properties of the reclaimed soils, growth 
performance and foliar composition of different species were also studied. Exotic 
legumes of Acacia mangium and Acacia auriculiformis were the fastest growing 
species in the 2-year old community. Between March and December, they yielded the 
largest increments in height, stem basal diameter and crown coverage. In contrast, the 
native species of Cinnamomum camphora was the slowest growing species. 
Similarly, in the 1-year old community, growth of Acacia mangium and Acacia 
confusa were faster than Eucalyptus robusta. 
Nitrogen is the dominant nutrient in the foliage of the rehabilitated vegetation, 
except Lophostemon confertus dominated by Ca. Legumes {Acacia confusa, Acacia 
mangium and Acacia auriculiformis) accumulated more N (1.71-2.69%) in the foliage 
than non-legumes (Melaleuca quinquenervia, Lophostemon confertus, Cinnamomum 
camphora and Eucalyptus rohusta) (0.70-1.56%). Intermediate foliar N concentration 
was detected in Casuarina equisetifolia (1.36-1.61%) and Pinus elliottii (1.42-1.86%). 
The foliage accumulated intermediate levels of K (0.47-1.40%), Ca (0.25-
1.40%) and Mg (0.04-0.20%) but low levels ofNa (0.01-0.15%) and P (0.003-0.01%). 
The non-legumes accumulated more K, Ca, Mg, Na and P than the legumes. Overall, 
with a capacity to fix atmospheric nitrogen and a higher nutrient-use efficiency, the 
legumes outperformed the non-legumes in the rehabilitated borrow areas. 
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7.2 Implications of the study 
7.2.1 Ecosystem restoration strategy in Hong Kong V 
Tai Tong was destined a borrow area in 1990 and restoration started in 1993 in 
certain areas where excavation activities had been completed. Large expanse of 
disturbed land was recontoured to blend in the surrounding environment. Fill and 
engineering slopes were overburdened with decomposed granite, provided with 
surface drainage, hydroseeded and revegetated with a mixture of tree species. After 
two years of rehabilitation, levels of soil organic matter were improved in the 
rehabilitated areas, but not TKN. The ameliorative effect was most significant in the 
0-5 cm soil layer. Though the soil improvement process was slow when compared 
with overseas examples, the aesthetic value of the disturbed land was greatly 
enhanced and the soil was also protected against erosion. 
厂 
i However, from an ecological point of view, the rehabilitated community in the 
borrow area is dominated by a few exotic fast-growing species such as acacias. Its 
structure is much simplified with reduced wildlife population and ecosystem 
functions, when compared to an undisturbed ecosystem. Though the dominant acacia 
species grow relatively well for the time being, their lifespan are relatively short (e.g. 
钱 询 
40 years for Acacia confusa). On the other hand, native species such as Cinnambmum 
camphora fails to establish on the poor soils. Can the acacias then facilitate the 
invasion of native species and accelerate the process of succession? 
/ 厂 
/ / 
It seems that quantity predominates quality in the restoration work in Tai 
Tgng, as in many other examples in Hong Kong and South China. Hence it is more 
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appropriate to call it a greening exercise than a genuine restoration exercise of the 
derelict landscape. It still has its values, though limited and not of long-term interest 
to the conmiunity.^j 
What has been done wrong from a holistic point of view? It is the lacking of a 
clearly defined objective on ecosystem restoration by the authority. This can be 
ascertained from two aspects. First, there has been no coordination on restoration 
— - - 丄 
works among the different government departments. For instance, Tai Tong East is 
handled by the Territory Development Department (TDD) while others are taken up 
by Highways, Water Works, Architectural Services Departments and even private 
companies. None of them are briefed about or aware of the ultimate goals of 
— eco^;^em_r^stQration and emphasis is more inclined on revegetating the disturbed 
sites. Species selection, planting mix and assemblage are reduced to the preference of 
individual consultants. The restoration of a community dominated by native species 
with utmost biodiversity and articulated ecosystem functions is absent in their 
working agenda. 
Second, there is a lack of understanding on the difference between ecosystem 
restoration and slope revegetation among the professionals and the community at 
brge. People would not recognize any difference between the two issues while in fact 
—their targets are different in the context of restoration. Nonetheless, people tend to 
accept what is given, without a careful thought of the quality of the work from an 
ecological point of view. 
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While the rehabilitated community is simplified in structure, is it sustainable? 
There is no easy answer to this question. We expect many of the native (e.g. 
Cinnamomum camphora) and shade-intolerant species (e.g. Acacia confusa and 
Melaleuca quinquenervia) will be phased out very soon, leaving behind a mixture of 
Casuarina equisetifolia. Acacia auriculiformis. Acacia mangium and Lophostemon 
confertus. It does not end there because field observation in Hong Kong clearly 
shows that the life expectancy of the two acacias is much shorter than casuarina and 
the gum tree. In other words, community structure may be further simplified with 
time and ultimately the borrow area will be dominated by only two exotic species of 
Casuarina equisetifolia and Lophostemon confertus. Is this what we want? 
Of course, people may argue that with the die-back of the acacias, there will 
be space available for invasion of native propagules from the surrounding areas and 
hence, a gradual shift to dominance of native species. However, this is easier said 
than done because of two reasons. First, undergrowth of Casuarina equisetifolia and 
Lophostemon confertus is limited because of their thick litter mat and possible 
allelopathic effects (Young 1989). Second, the surrounding granitic area is a fire 
prone area and because of repeated burning, is reduced to a species-poor community 
(Fung 1995). Invasion of native species is not easy, if not impossible. The structure 
— — - — - - L - .-〜 ^ 
of the rehabilitated community will then be similar to those monocultural forests 
restored since the 1950s. 
We believe the discussion thus far is insightful, not speculative. There are 






equisetifolia and Lophostemon confertus over other species, native in particular. The 
only way out is to redefine more clearly the objectives of ecosystem restoration and to 
have them implemented at the planning stage. This involves vigorous soil 
amendment, careful selection of species and planting mix, adequate management 
inputs and post-planting care. While N2-f1xing legumes, particularly acacias, play a 
vital role in ameliorating the impoverished soil, they should be used as a means to an 
end and not an end itself. The use of native species in ecosystem restoration will be 
discussed in the next section. 
7.2.2 Can native species establish on degraded land? 
There has long been a debate on the use of exotic and native species in 
ecosystem restoration (Lugo & Liegd 1987，Tsuyuzali & Kanda 1996). Though in 
most cases, exotic species had been used with success in improving soil properties of 
disturbed sites, it is anybody's guess that they will pave the way for the invasion of 
native species. There are simply too few literature on restoration with native species. 
Native species are desirable in ecosystem restoration with reference to nature 
/ 
/ 
conservation, biodiversity and the restoration of complex ecosystem functions. This 
\ 
is, in fact, synonymous to the ‘original community' defined by Jordan III et al. 、 
(1993), which is the utmost objective of ecosystem restoration. However, the 
J 
definition of native species is controversial, as discussed by Diamond (1993). 
Nonetheless, it is not the purpose here to go into details about the definition; instead, 
restoration ecologists should use common sense to define it. It is more important not 
to rote copy the structure of a natural community but to imitate the critical factors, as 
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ably highlighted by Jordan III et aL (1993). Hence the target will be to create the 
same community under various conditions. It is virtually impossible to copy the 
structure of a natural community which is the product of long-time evolution. 
While ecosystem restoration is a frontier research topic, there are only a 
handful of studies on native species (Montagnini & Sancho 1990, 1994; Fisher 1995, 
Montagnini et aL 1995a，Noyd et aL 1995). Among the available references, native 
species grew satisfactorily and at the same time improved soil properties. In contrast 
the growth of native species was less promising in the local environment, as 
evidenced by Cinnamomum camphora in the borrow area (see Chapter 6). Due to 
sampling constraints, it is the only native species encountered in the study area. The 
other native species not covered in the sampling, Cinnamomum burmanii, also grew 
poorly in the site. Results obtained overseas are therefore not necessarily transferable 
to Hong Kong primarily because where success had been recorded, the degraded 
landscapes were not as heavily disturbed as the borrow area. For instance, in overseas 
restorations, native species were usually used to restore abandoned pastures where the 
soils were least disturbed. Besides, native species were planted as monostands in 
overseas examples (see Chapter 6) whereas in Hong Kong they were planted together 
with exotic species. Growing conditions will be severer in the local environment due 
to strong competition for moisture, aeration, nutrients, light and space between the 
native and exotic species (Binkley 1992, Ashby 1993). Will monocultures of native 
species in Hong Kong yield satisfactory growth, as in overseas examples? Apart 
from interplanting with exotic species, what will be the performance if mixed planting 
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of native species is undertaken? These are interesting research topics worth 
attempting. 
Despite the poor growth of native species in the borrow area, one should not 
rule out the immense potentials of native species in local restoration works. What 
should we do to optimize the potentials of native species in restoration works? The 
basic principles are first, to understand the growth requirement of target native 
species, and second, to match species with site. (As aforesaid, land disturbances are 
\ 
classified into three levels according to the severity of disturbances namely vegetation 
disturbance, soil disturbance and soil destruction (Aber 1993). Different species 
should be used to restore sites of different disturbance levels and any mismatching of 
species and site is doomed to fail, wasting time, money and resources. ^  jA good 
JL 
example is the retarded growth of Cinnamomum camphora in the borrow area, typical 
of the most severely disturbed sites. While the trajectory of ecosystem development 
resembles that of primary succession, early successional species should be planted 
which require less nutrients for establishment. However, Cinnamomum camphora is a 
late successional species which is abundantly found in the fung shui groves, but can 
never grow on the disturbed site like Tai Tong.^y^s a late successional species, it 
prefers undisturbed soils rich in organic matter (>4.6%) and TKN (>0.2%)\ 
One unresolved problem pertaining to the establishment of native species is 
nutrient deficiencies, particularly N and P, of the disturbed sites. This can be resolved 
1 Unpublished soil data o f f u n g shui groves in Mui Tsz Lam, Wong Chuk Yeung and Tai Om in Hong 
Kong, 1997. 
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by first, increasing the management intensity of the rehabilitated sites including 
irrigation and fertilizer application. This is, however, not practicable because many of 
the sites are not easily accessible and there is financial implication too. Second, 
native legumes should be incorporated as pioneer species to augment soil nitrogen 
supply. Unfortunately, this is least known in the literature except a handful of the 
species including Lespedeza formosa and Adenanthera pavonina have recently been 
trialled out at the Chek Lap Kok Airport site. The search of native legumes is thus 
worthwhile pursuing. 
Last but not the least is a systematic programme to identify provenances of 
native species from where seeds can be collected. Information on seed treatment and 
germination, and sapling growth is essential for the success of vegetation 
establishment. Equally important, is trial planting involving different species mix and 
assemblage on different types of degraded sites and to relate their growth performance 
to site conditions and management inputs. 
7.2.3 Are the present findings transferable to other areas? 
Though restoration effect is site-specific (Aber 1993), we believe findings of 
the present study are transferable to other regions provided that their climatic 
conditions, soil types, nature of disturbances, objectives of restoration are similar. 
The Tai Tong area is occupied by granitic soils. Excavation activities had 
created severe disturbances involving removal of the original vegetation cover and 
beheading of the A horizon and profile destruction. Soils are characterised by strong 
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acidity, low levels of SOM and TKN, and deficient in cation nutrients (see Chapter 3). 
In fact, granite covers one third of the land area in Hong Kong, hence results obtained 
in Tai Tong can be applied to other parts of the territory. Similarly, more than 50% of 
the area in Guangdong and 79.5% in Guangxi Provinces of South China are covered 
by granite (Lu & Yao 1989, Yao 1989). These areas are also confronted with severe 
soil erosion and land degradation problems, as well as disturbances arising from 
refuse tipping, borrowing and quarrying activities. The soils are characteristically the 
same in chemical properties as those in Tai Tong. For instance, severely eroded soils 
in Deqing County are characterised by strong acidity (pH 4.89-5.11), low levels of 
SOM (0.31-0.34%) and TKN reserves (0.017-0.028%) (He etal. 1989). 
Despite the limitations discussed in section 7.2.1，what specific lessons have 
we leamt from this restoration exercise that are of use to other areas? First, soil 
amelioration is achieved within 1-2 years of restoration. Though there was 
improvement in SOM, the reclaimed soils were still strongly acidic, contained high 
exchangeable A1 but low nutrient levels. Besides, the build up of SOM is faster than 
TKN in the soil. Nonetheless, there were tremendous variations in soil properties and 
species growth in the rehabilitated sites. This partly reflects the poor quality of the 
restoration work which is a result of poor supervision. 
Among the different species, N2-fixing legumes and trees, particularly Acacia 
auriculiformis, Acacia mangium and Casuarina equisetifolia grow well on the 
granitic soils and outperform other broadleaf species. On the other hand, the native 
species of Cinnamomum camphora and Cinnamomum burmanii should not be used as 
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pioneer species in the restoration of borrow areas. However, we should not rule out 
the potentials of native species in restoring disturbed sites. We believe that native 
species, if appropriately selected, are more favourable than the exotic species for the 
regeneration of the original community in the long run. In short, careful selection of 
species and sensible species assemblage are crucial to the success of ecosystem 
restoration. This is an intricate issue which warrants systematic and comprehensive 
investigation. 
Last but not the least, it is essential to differentiate the differences between 
ecosystem restoration and slope revegetation. In ecosystem restoration, greening the 
derelict landscapes is merely a means to an end，not an end itself. 
7.3 Limitations of the study 
The concluding chapter would not be complete without discussing the 
limitations of the study. First, owing to the constraint of time, a retrospective 
approach was adopted in the present study instead of the real-time approach to 
investigate the effects of new plantations on restoring soil properties of a granitic 
borrow area. Hence changes in soil properties might be affected by site differences, 
though sites with similar geology, soil types, aspect and slope gradient were chosen to 
reduce site variability to the minimum. 
Besides, we should keep in mind that any improvements in soil properties 
would be a result of hydroseeding, fertilization and individual tree species. However, 
their effects could not be differentiated from one another. Though they are treated as 
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a single entity in this thesis, their individual effect would of course, add values and 
broaden our understanding of the restoration of ecosystem structure and function in 
this part of the world. 
Findings of the present study reviewed that improvements in chemical 
properties concentrated on the surface 5 cm soil layer. Hence, better estimation of N 
mineralization could be obtained if the soil cores were sub-divided into 0-5 and 5-10 
cm layers where respective mineralization rates could be investigated. 
On the other hand, soil respiration can be studied either in the field or in the 
laboratory. While laboratory incubation was used in the present study, a state of 
hydrophobicity had developed during the adjustment of soil moisture content to field 
capacity. Though this was a proof of the poor structure of the reclaimed soils, this 
would also underestimate the amount of CO2 produced by the microorganisms. Better 
estimation of the microbial activities could be obtained if the incubation is carried in 
the field where the experimental conditions resemble and change with the surrounding 
environmental conditions. 
Furthermore, since different species were planted in the rehabilitated sites, it 
was impossible to have cross-site comparison of their growth. In addition, the 
different species composition might result in different species-interaction effect and 
this may affect the growth of individual species in the rehabilitated site. 
170 
Lastly, in spite of inherent variability of decomposed granitic materials used in 
rehabilitating the borrow area, we believe the variation in measurements of soil 
properties could be reduced by increasing the sample size. 
7.4 Suggestions for future studies 
From the findings of the present study, we found that there are some areas that 
deserve further investigation. Long term monitoring of the rehabilitated sites is 
essential to investigate the build-up of soil organic matter and TKN with time of 
restoration. As the effects of fertilizers and organic matter additions diminish after a 
few years of restoration, what will be the corresponding changes in soil chemical 
properties? Do the fertilizers or organic matter additions have any long-term effect on 
the nutrient-supplying capacity of the reclaimed soils? 
Apart from soil chemical properties, a study on soil physical properties could 
also be employed since ecosystem restoration includes not only ecosystem functions 
but also its structure. While it is often easier to modify soil chemical properties by 
amendments than to change critical soil physical properties such as water-holding 
capacity (Logan 1992), will there be any changes in soil physical properties such as 
aggregate stability and bulk density after a few years of restoration? 
Besides, selection of species is also a crucial component of ecosystem 
restoration. The present study reviewed the importance of species composition in 
affecting the growth performance of individual species. Equally important is the litter 
chemistry of different species, which will determine the rate of decomposition and 
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hence the amount and types of nutrients returned to the soils. How much nutrient is 
supplied by litter decomposition during the first few years of plant growth when the 
production of litter is limited? Will the litter of different species differ in their 
chemistry and decomposition rates? Will their decomposition release inhibitory 
substances to the soils that will suppress the growth of accompanied species or the 
invasion of native species? All these are pertinent to species selection in the context 
of ecosystem restoration. 
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Appendix 4.1 Net ammonification, nitrification and N mineralization (|ig g"^ day"^) 
in the rehabilitated sites. 
Net ammonification Net nitrification Net N mineralization 
R94 R95 R94 R95 R94 R95 — 
March 0.14 0.08 -0.01 -0.01 0.13 0.07 
June -0.02 0.02 0.00 0.00 -0.02 0.02 
July -0.07 -0.08 -0.01 0.01 -0.08 -0.07 
August 0.50 0.07 -0.04 0.00 0.46 0.07 
September -0.04 -0.17 -0.19 0.11 -0.23 -0.06 
December -0.20 -1.42 -0.16 -0.04 -0.36 -1.46 
Negative values denote immobilization CNadeUioffer et al. 1984). 
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Appendix 4.2 Uptake of NH4-N, NO3-N and mineral N (jug g"^ day"^) in the 
rehabilitated sites. 
NH4-N NO3-N Mineral N 
R94 R95 R94 R95 R94 R95 — 
March -0.51 0.36 -0.01 -0.01 -0.52 0.35 
June -0.17 0.08 -0.01 -0.01 -0.18 0.07 
July -0.05 -0.03 -0.01 -0.01 -0.06 -0.04 
August 0.03 1.18 0.01 0.00 0.04 1.18 
September 0.24 0.15 -0.14 -0.26 0.10 -0.11 
December 0.32 0.08 0.24 0.07 0.56 0.15 
Negative uptake values have no biological meaning (NadeUioffer et al. 1984). 
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Appendix 4.3 Leaching loss 0fNH4-N, NO3-N and mineral N (^ ig g"^ day] ) in the 
rehabilitated sites. 
NH4-N NO3-N MineralN 
R94 R95 R94 R95 R94 R95 
March ^ ^ ^ 0 ^ ^ 0 ^ 1 ^ ~ ~ 
June 0.03 -0.04 0.00 0.00 0.03 -0.04 
July -0.03 0.01 0.00 0.00 -0.03 0.01 
August 0.61 -0.94 0.07 0.00 0.68 -0.94 
September -0.12 0.11 0.01 0.03 -0.11 0.14 
December -0.11 -0.03 -0.19 -0.03 -0.30 -0.06 
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